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FOREWORD

This report describes a study of optoelectronic data buses conducted by
Spectronics, Incorporated; Richardson, Texas. The work was performed for
the System Avionics Division, Air Force Avionics Laboratory, Wright-Patterson
AFB, Ohio. The work was done on contract number F33615-73-C-1272, Project
2003, Task 2003 07. The United States Air Force project engineer was
Mr. K.C. Trumble of the Information Management Branch (AFAL/AAM).
Dr. J.R. Biard was the principal investigator of the program. He
was assisted in the preparation of this report by Dr. J.P. Mize.
Research on this contract was conducted from April 1973 to December 1974.
The draft report was submitted for approval in February 1975.

The author wishes to acknowledge the contributions to this program
made by K.C. Trumble and D.A. Zann of the Air Force Avionics Laboratory,
Dr. J.P. Mize, J.E. Shaunfield and J.F. Leezer of Spectronics, Inc.,

and Dr. K.W. Heizer of Southern Methodist University.
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SECTION I
INTRODUCTION

This two volume document constitutes the final report of a 12
month study of optoelectronic data transmission that was begun on
contract number F33615-72-C-1565. The purpose of this continuing study
has been to evaluate and characterize non-coherent optical components,
devices and techniques in order to discover and define the factors that
limit the performance of optoelectronic data transmission systems.
Particular emphasis has been given to those phenomena and effects which
impose design and performance constraints that are different from the
familiar constraints found in wire systems. Recommendations are made
for profitable areas of continued study.ﬂ\()lvuo

e —

This report makes tull use of data and information presented in

J

Final Technical Report_éfAL-TR-73:l§51; Interim Technical Report AFAL-

/_TR-74-31%, and Final Technical Report AFAL-TR-73-271\ )i/ ;9L

§g< e Optoelectronic data transmission is based on the use of light
emitting diodes (LEDs), multimode flexible fiber optic bundles and
silicon photodiodes. This optoel:: “onic technology offers an information
transmission capability that is consistent with military requirements
and potentially superior to wire techniques. The optoelectronic inter-
face is suitable for use in both high data rate digital data buses and
wide band analog channels. Thus, this emerging technology offers a
viable means of responding to the increasing bandwidth requirements of
new avionics systems. At the same time the optoelectronic interface
offers the unique features of

isolation from ground plane signals from dc to RF,
light weight

dramatically improved EMI/EMP characteristics, and
elimination of cross talk.

The performance of present optoelectronic components makes it
possible to operate digital optoelectronic systems at data rates in
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excess of 200M bit/s (Manchester),

The following paragraphs summarize the study items covered in
Volume I of the report.

o The characteristics of optoelectronic signaling and
detection are discussed in detail. This discussion
includes the unique features of unipolar Manchester
signals, a study of clock recovery and synchronization
in a data bus, an analysis of a photodiode preamp
interface, a detailed presentation of the Spectronics,
Inc. suboptimum detection scheme an analysis of a matched
filter detector for an optical receiver, and an analysis
of a speed-up technique to increase the signal band-
width of an LED.

The analysis of data bus structures is expanded to
include the radial data bus. The characteristics of
other structures are reviewed and the terminology is
revised to allow a more accurate comparison of uniform
duplex, tapered duplex, and radial duplex structures.
An approximate technique for designing scrambler rods
is also presented.

The measurement techniques and performance data for
available optoelectronic components are presented.
This characterization effort includes evaluation of
three preamps, several test adapters, an LED driver
stage, two LED types, four photodiodes, two avalanche
photodetectors and Galileo fiber optic bundles.

Appendix V of the report is devoted entirely to a study of radiation
effects on active and passive optical components. This part of the
report begins with general background information and terminology
of the interaction of radiation with matter. It also covers radiation
damage effects in the specific materials of optoelectronic data
transmission systems. The presentation then turns to radiation effects
on the specific components of the optical system and concludes with
a summary of radiation damage threshold values and failure modes for

optical system peripheral circuitry such as digital and linear integrated

circuits.
2
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SECTION II
OPTOELECTRONIC SIGNALING AND DETECTION

Fiber optic data transmission systems using noncoherent LEDs
and p-i-n photodiodes have used various sianaling schemes (RZ, NRZ,
Manchester), with some form of suboptimum detection scheme in the
receiver to sense the transmitted bit sequence. Spectronics, Inc.
has featured and employed Manchester coded data in the transmitter
with a particular suboptimum detection scheme that has utility in a
wide range of applications. This section reviews the characteris-
tics of the Spectronics, Inc. suboptimum detection scheme and com-
pares its Signal-to-Noise (S/N) ratio performance to that of a
matched filter. Problems associated with sync detection and signal-
ing on a multiterminal data bus are also discussed. The preamp S/N
analysis introduced in Ref 1. is extended and an analysis of an LED
speed-up network is presented.

A. MANCHESTER CODED DATA

Manchester coded data finds great utility in the optoelec-
tronic transmission of digital data because it has a constant duty
cycle of 0.5 regardless of the transmitted bit sequence. Since
there is no informatiorn contained in the average value of the Man-
chester waveform, the receiver may be ac coupled without losing any
of the data content of the signal. The use of ac coupling in the
receiver eliminates drift in the preamp and photodiode dark current
as error souces so that the S/N ratio is determined by the thermal
and shot noise generated in the preamp and photodiode.

In Manchester code, a "one" is represented by a clock cycle
and a "zero" is represented by the logical inverse of a clock cvcle.
Thus, a signal is transmitted for both a "one" and a "zero". In
particular. if the input of a Manchester transmitter is a string of
"ones" or a string of "zeroes" the output is a square wave at
clock frequency. Manchester data has a signal transition at least
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once in each bit time. This makes it possible to recover the clock
from the data seguence using relatively simple circuits.

Light emitted from an LED is not coherent and must therefore
be treated as a photon flux or power. Thus, a modulated LED emits
a time varying power that has no negative values. Because the light
output of an LED can be only zero or positive, an optical Manchester
signal is unipolar. The conventional Manchester signal used in wire
data buses is bipolar with equal positive and negative excursions
and an average value of zero. Figure 1 shows a comparison of bipolar
and unipolar Manchester signals. For the conventional bipolar signal
the threshold level of an ac coupled receiver is indeperdent of both
data sequence and signal amplitude. The unipolar Manchester signal
used with ac coupling also eliminates data sensitivity of the thres-
hold level. It does not, however, eliminate threshold shift due to
signal amplitude as shown in Figure 1. This inherent characteristic
of noncoherent optical signals is the basis of most of the significant
differences between the signaling and detection schemes used in opto-
electronic and wire data buses. |

The dependence of threshold on signal amplitude makes it
highly desirable to use an optoelectronic data bus structure that
provides a small dynamic range of optical signals; that is, a
constant signal level at each receiver on the data bus regardless
of which station is transmitting.

If the physical arrangement used is a uniform duplex data bus!
then the different values of attenuation between stations will pro-
duce a large dynamic range in the amplitude of the received signals.
The resulting transient shifts in threshold level will make it
necessary to use extra dead time between words to allow the receiver
coupling capacitors time to discharge. This extra dead time will
lTower the efficiency of the data bus. The efficiency reduction due
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to this effect will be less at high data rates because the dead time
required for the propagation delay of the bus can serve as all or
part of the dead time required for discharge of the coupling
capacitors.

If the physical configuration used is a radial data bus, then
the dynamic rande of received sianals can be reduced to the range
of 3-4dB? and the dead time required to discharge the coupling
capacitors can be minimized. The tapered duplex data bus*® should
also provide a low dynamic range for the received signals. However,
the radial construction is less complex and provides a larger
received signal than either the uniform or tapered in-line configura-
tions.

It is also possible to construct an optoelectronic data bus
which -eliminates the dependence of threshold on signal amplitude.
This can be accomplished by using two sets of LEDs, fiber optic
bundles and photodetectors to form a composite bipolar system from
two unipolar systems. In this configuration, the LEDs are driven
with oppositely phased signals so that one LED is "on" when the
Manchester sianal is "high" and the other LED is “on" when the
Manchester signal is "low". If the signal transmission of the two
systems are matched, a bipolar electrical signal can be formed at
the input of the receiver preamp by connecting the photodetectors
in opposition as shown in Figure 2. This technique has been used
successfully in optoelectronic data telemetry systems used in EMI
tests on large electronic systems". Application of this technique
to wideband optoelectronic data buses could result in simplifica-
tion of the electronic circuitry required in the receivers.

In a duplex data bus, each station transmits to all other
stations and receives signals from all other stations. With non-
coherent optical signals and passive optical couplers, it does not




appear to be possible to transmit and receive simultaneously nor to
have more than one station transmitting at a time. Thus, optoelec-
tronic data buses must operate in a half duplex mode with one station
at a time transmitting and all other stations receiving. With Man-
chester coding, half duplex operation cannot be achieved by feeding
data to the input of one transmitter at a time with "zero" input to
all other transmitters. Each station with "zero" input will be
transmitting a clock frequency square wave that will be delayed in
time by the path length through the fiber bundle and summed with

all of the other "zero" signals and the data at each receiver on the
bus. Under these conditions the received signal would bear little
resemblance to the transmitted data.

What is required for multiterminal data buses is a three
state Manchester code consisting of signals for "one", "zero" and
"off". The "one" and "zero" signals are standard; the "off" signal
is characterized by no output from the transmitter. This signaling

scheme can be implemented by gating off all transmitters except the
one sending out data. Thus, only data signals will be received at
all stations. This requirement is not peculiar tc optoelectronic
data buses; it is also valid for shielded twisted pair data buses.

Some other signaling schemes like Unipolar RZ and Unipolar NRZ
do not require this three level modification for use in data buses.
These two signaling schemes transmit signal only for a “one" input.
Therefore, the output remains in the "off" condition for a "zero"
input and only the station transmitting data is received at the other
stations. Signals of this type do not have a constant average value
and are, therefore, not suitable for use with ac coupled receivers.

Low-noise preamps using either discrete components or hybrid
construction can be expected to have an output voltage drift of
20 to 40uV/°C. Thus, for a useful military temperature range of
-50°C to +100°C the total output drift is 3 to 6mV. The rms value




of the output noise voltage of a low-noise preamp is about 374uV. For
the type of preamp described later in this report, the output noise
voltage is roughly independent of temperature and bandwidth. A
typical bit error rate of 107° is associated with the noise peaks
that are greater than 5.62 times the rms value of the noise; this
gives an effective peak noise voltage of 2.1mV. Comparing this peak
output noise voltage (2.1mV) with the output voltage drift (3 to 6mvV)
shows that for a direct coupled preamp the drift is 1.4 to 2.8 times
higher than the noise. This ratio is valid for any preamp bandwidth;
it represents the state-of-the-art for low-roise photodiode preamps.
For less than optimum preamp designs, the arift and/or noise may be
different from the values indicated above. For example, an amplifier
with higher noise could make the drift term look negligible; however,
the overall performance would be degraded because of the higher
absolute value of the noise.

The use of ac coupling in the receiver gives an optical S/N
improvement of 2.4 to 3.8 times (3.8 to 5.8dB). For many practical
systems this extra S/N performance is not required and sufficient
signal is available at the detector to allow the receiver to be
direct coupled. In particular, this is true for laboratcry or
commercial grade equipment which will have low drift because it is
operated in a narrow temperature range. For the full military
temperature range of -50°C to +100°C the use of an ac coupled
receiver will increase the maximum data rate by 2.4 to 3.8 times
or will allow 3.8 to 5.8dB more optical attenuation for a fixed data
rate.

Problems concerning data bus architecture can often be solved
by either a unique physical structure (radial bus, differential
bipolar bus) or by a different logical organization (extra dead
time, direct coupled NRZ, ac coupled Manchester). If the design
decisions are made to maximize performance, then the unique physical




2 structures offer the greatest advantage. However, if considerations
| of complexity, flexibility and uniformity govern the design, then
s the best approach is not clear but will probably involve combina-

' tions of unique structure and logical organization that will have

; to be selected to satisfy the requirements of each application.

B. CLOCK RECOVERY AND SYNCHRONIZATION

p - Continued study of multiterminal data buses has shown that a

dedicated clock line with a continuous clock signal is not workable

in a wideband data bus. In particular, with stations transmitting

one at a time in random sequence, the presence of propagation delay

dictates that there is no single clock signal that is acceptable

for the entire data bus. This effect is more noticeable in high-

speed data buses for which the propagation delay of the bus approaches

a half bit time. For example, a 32ft long data bus made from glass

fiber optic bundles having n=1.6 has a propagation delay of ~50ns

which is also one half of the bit time for a 10M bit/s signal.

) | This performance is well within the present capability of opto- '
electronic data buses; therefore, the use of a dedicated clock line |
is not indicated for present or future optoelectronic data buses.

The use of a dedicated clock line in the Optoelectronic Data
Bus Demonstrator® made it possible to achieve an error-free clock
by using a phase-locked loop in the clock channel of the receiver.
In principal, a phase-locked loop will also work without a dedicated
clock 1ine. However, this approach is generally unacceptable in
multiterminal data buses because of the long synchronization time
of the phase-locked loop and the resulting loss in data handling
efficiency. As a result, multiterminal data buses must rely on
other techniques for clock recovery which are less accurate but more
efficient than the phrase-locked loop. The most commonly used system
in 1.0M bit/s twisted pair data tuses recovers the clock signal from
the Manchester coded data. Manchester code is ideal for clock
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recovery because there is always at least one signal transition in
each bit time.

Clock recovery from Manchester coded data is normally
accomplished by some form of time domain filtering. The Air Force
Multiplex Standard® describes a technique of this type which employs
a non-standard Manchester bit for the synchronizing preamble. The
use of a non-standard sync bit with time domain filtering avoids
the potential problem of a standard bit sync pattern which miaht be
identical to some random sequence of hits occurring in the middle of
a data word.

Time domain filtering and sync bit recoagnition may be per-
formed by either analog or dinital means. In low-speed data buses,
the signal slicing (digital) approach probably gives the best results.
In this system, the data signal waveform is sampled 8-10 times in each
bit with an "on-off" decision being made each time the data is sampled.
The decision as to whether or not a given bit sequence is a sync
preamble is made by processing the diaital signal formed by the
"on-of f" decisions at the sample points. 1In high-speed data buses
this approach presents a practical problem because of the difficulty
of implementing the high sampling rate. For example, in a 10M bit/s
data bus, a 10/1 sampling ratio will require a 100MHz oscillator; for
a 100M bit/s data rate the same sampling scheme would require a 1GHz
oscillator. The sampling oscillator is normally not synchronized with
the received data. Thus, fewer than 8 samples/bit is unsatisfactory
because of the timing errors that would result.

Analog detection of the sync bit is similar to the vertical
sync system used in home TV receivers. A representative analog de-
tection scheme could be implemented by passing the data signal (as
received) through a threshold circuit and then integrating the result-
ing constant amplitude waveform. The detection of a sync preamble would
be accomplished by analog processing of the signal on the output of the
integrator.




After a sync preamble is detected, the receiver must shift into
a "data receive" mode. For Manchester coded signals with a suboptimum
detection technique, the data is normally strobed only one time per
bit at the center of the bit (T/2). Strobing the data at this point
minimizes the adverse effects of intersymbol interference! and, there-
fore, gives the best S/N for any sequence of bits. It is also custom-
ary to strobe the data at the end of the bit (T) so that the data can
be continuously checked for invalid Manchester bits. This test for
invalid bits requires a larger bandwidth in the preamp to overcome
the intersymbol interference at the end of the bit. For the Spec-
tronics' suboptimum detection scheme, a bandwidth increase of 2.5
times is sufficient and the optical S/N is reduced by 3.95dB. With
time domain filtering, other more elaborate bit detection techniques
can be envisioned. At a minimum, time domain filtering implies that
the timing of the data strobe signal is not completely predetermined
by the sync preamble but that it can be corrected during the time a
word is being received. This sort of time domain filtering is some-
times implemented by strobing the data at a fixed time after a zero
crossing of the data. The detection of the zero crossing can also be
time domain filtered by accepting only zero crossings which occur in
a narrow time interval that is delayed by a fixed time after a data
strobe. The necessary delay times can be generated by either count-
ing a high-frequency local oscillator (digital) or by integrating a
switched dc signal (analog). For the digital technique it is
necessary to use a local oscillator frequency that is 8 to 10 times
the bit rate frequency in order to achieve the required timing
accuracy. For 100Mbit/s a local oscillator frequency of 0.8 to
1.0GHz is required. The local oscillator is not synchronized to
the incoming data; thus, timing errors of 10-12.5% of a bit time can
result. The timing signals for bit detection can also be generated
using an analog integrator or "one shot" circuit which generates a
strobe signal that is delayed by a fixed amount from an input
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trigger. When the analog timing circuit is used, the bit rate is
the highest frequency required in the receiver. This is a signifi-
cant advantage for the analog timing circuit in a high data rate
system. Again the digital techniques are probably best for low-
speed data buses but lead to practical draw-backs in high-speed
systems. The analog techniques for sync detection and data detec-
tion should be thoroughly investigated for possible use in high-
speed (10-100M bit/s) optoelectronic data buses.

Whatever sync detection and data detection systems are used
in a multiterminal data bus, the result will be an increase in error
rate as compared to a phase-locked loop system. This increase in
error rate with the time domain filtering is the result of the finite
probability of clock errors in addition to the data errors observed
in the phase-locked loop system. It should be possible to hold the
increase in error rate to a factor of 2 or less. For an error rate
of 2x10"% the signal only needs to be increased by a few percent
(~2%) to achieve an error rate of 107%.

PHOTODIODE/PREAMP S/N ANALYSIS

Most of the effort reported in this document has been con-
cerned with the implementation of multiterminal optoelectronic data
buses to be used for the transmission of digital signals. However,
the preamp used in the data bus receivers is a broad band linear
amplifier that is also capable of handling low-distortion analog
signals.

In many practical applications, dedicated optoelectronic data
channels will be used for transmission of base-band analog signals.
Typical signals that could be transmitted in analog form are

o Low Light Level TV (LLLTV),
e Forward Looking Infra Red (FLIR), and

o Radar




These signals require large bandwidth and usually have limited dis-
tribution in the aircraft. Their inclusion in the data bus would
| g cause an unnecessary increase in cost and complexity of the system.

| ! The preamp design and S/N analysis introduced in Ref 1 has
been modified so that it covers both analog and digital receivers.
The steady state ac frequency response of the basic optoelectronic
data transmission channel is presented in Section III B. The noise
analysis is based on the use of a transresistance amplifier with a
silicon p-i-n photodiode; however, many features of the analysis are
also useful in designing transresistance amplifiers for use with
avalanche photodiodes.
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Figure 3. Transresistance Preamp for Analog ;
and Digital Signals
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The basic nature of the photodiode/preamp interface insures
that all high-performance optical receivers will have a sianificant
component of mean square equivalent input noise current that is pro-
portional to f2; frequency independent or "white" noise is also
present at the input. For a suboptimum detection scheme, the pre-
sence of the "f2" noise dictates that the amplifier chain must have
at least two poles in the high-frequency cutoff characteristic so
that the total noise will be bounded. The basic photodiode/preamp
schematic is shown in Figure 3.

The low-frequency pole at fo is determined by the feedback
network of the preamp. Limiting the bandwidth of the preamp gives
a lower noise level than could be achieved with the same input
transistor in a wideband preamp followed by a filter. The required
second pole is set at f, = 1.85 o3 this pole is located in the
postamp. For a Manchester coded digital signal, the bit time, T,
is related to f0 by

f =._.]___.=._l_
o 21erCf ﬁT

From Eq (1) the second pole located in the postamp is

f, 1.85f0 = 1.85
V21
For a 15M bit/s system fo = 10.6MHz and f, = 19.6MHz. For analoaq
signals, the amplifier response should be stated in terms of the
3dB frequency, fe’ or 10-90% rise time, t, From Ref 1 and Eq(1),
the 3dB frequency is

.81
f = .81f = =07
e (0] 21er(:f

and fe and t, are related by®




(4)

Combining Eqs (1) and (3) gives the 3dB bandwidth required for a
specified bit time

fo = =7 (5)

Since the photodiode produces a signal current at the input
of the preamp, the noise of the circuit will be expressed in terms
of the rms value of the equivalent input noise current.

The “"white" noise sources at the preamp input are shot noise
on the dc base current of the input transistor, IB’ and thermal
noise on the preamp feedback resistor, Rf. The mean square noise
current spectral density due to these "white" noise sources is

o
38

= 2qlg + 4kTa/Rf (6)

—h

A

where Ta is the absolute temperature of the amplifier, and
k is Botlzmann's constant

The "f2" noise results from the various noise voltages in the pre-
amp input circuit interacting with the capacitance of the photo-
diode and input transistor. The mean square noise current spectral
density for the "f2" noise is

i2 kT
& - 2kTa(ar:?) (2nFCr)? + AKT (ro#r, ') (2nfCy)? (7)
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is the dc emitter current of the input transistor,
is the photodiode capacitance,

is the total capacitance at the preamp input,

is the series resistance of the photodiode, and

is the base resistance of the input transistor TI.

The noise terms presented in Eqs (6) and (7) are shown schematically
in Figure 4. The frequency, fn’ at which the "white" noise is
equal to the "f2" noise is called the noise corner frequency.

For the preamp and postamp cutoff frequercies defined by

Eqs (1) and (2), it has been shown! that the "white" noise bandwidth
is

Afw = fo (8)

and the "f2" noise bandwidth used with the spectral density evaluated
at fo is

Mgz = 1.825 f =f, (9)

Using Eqs (8) and (9) with Eq (7) the total mean square noise current
at the preamp input is
akT f 2ql.f kT
£8 L " ao Eo Sa 2
i RF + HhFE + 2kTa (qIE)(‘z"focT) (1.825 fo)

+ 8kT, (rorp) (2nf Cy)*(1.825fF )

where hFE is the dc common emitter current gain of the input
transistor.
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Figure 4. Equivalent Mean Square Noise
Spectral Density




Using EqQ (1) the first term in Eq (10) may be written
22 b 2
1"1 4kTa(2nf0Cf)

The second and third terms of Eq (10) are both functions of IE‘
The sum of these two terms will be minimum for the optimum value
of IE. This optimum occurs when the second and third terms are
equal

kT

I = -2 (2rf C 1.825(1+h 12
Eopt q (rOT)‘, ( FE) ( )

At the optimum bias point qiven by Eq (12) the sum of the second and
third noise terms is

s FE

Tegent 1.825\¥2
i ] 4kTa(2nf;CT)<%;ﬁ——) (13)

The fourth noise term may be written

2L 2 1.825
‘in“- 4kTa(2ﬂf0Cd)( Qo )

where Qo is the photodiode/rs quality factor at fo given by

1
% (r g )2nt C, (15)

Combining Egs (11), (13) and (14) gives the expression for the total
equivalent input noise current at optimum bias

1.825Cd 1.35C
+

Q
0 l+hFE

L T 2
1nT = 4kTa Cf + ano




The following parameter values are appropriate for use in
Eq (16) based on the use of presently available components.

Ce = 0.17pF
2.7pF (SPX 1615)
= 6.0pF (MMT 807)
152 (SPX 1615)
1000 (MMT 807)
T+hee 100 (MMT 807)

Using these values Eq (16) becomes
+£2 - - g2 -40 £3
{20 = 10.2 x 1072 f2 + 10.0 x 107"} (18)

The term involving f; comes about as a result of the frequency depen-
dence of of Qo shown in Eq (15).

For analog signals, the amplifier response should be stated
in terms of the 3dB frequency or the 10-90% rise time. Using Eq (3)
to express Eq (18) in terms of the 3dB frequency gives

1;T = 15.5 x 10"2f; +18.8 x lO’“'f; (19)

From Eq (19) the expression for the rms value of the input noise
current is

4 i -16 -8 1/2
i =4 x107F,(1 + 1.2 x 107°F,) /

For amplifiers with 3dB frequency up to

= ] =z
fel 1.2 x 10°% 83MHz




the input noise current is proportional to fe; for higher values

of fo the input noise current is dominated by thermal noise on

rg and ré and increases as fe. The expression for the noise trans-
ition frequency is

1.35C
.o7le T

o et

1+h
(GRII(N)

f
FE

The noise transition frequency can be increased by reducing the
photodiode capacitance and series resistance and the ré of the input
transistor. For the parameter values shown in Eq (17) the limiting
items are Cd and ré.

Equation (20) depends on the emitter current being optimum
at each bandwidth. From Eqs (3) and (12) the expression for the
optimum emitter bias current is

I = 1.63 x 10-!!f

E opt e
Typical photodiode responsivities at a wavelength of 907nm range
between 0.4-0.65A/W with a typical value of

R, = 0.5A/W

The optical signal power, Pp? required to give a detector signal
current, is’ equal to the rms noise current, inT' is given by

Combining Eqs (19) and (25) gives the required signal power for
S/N = 1 vs. the cutoff frequency of the amplifier (which is also
the signal bandwidth of the system), Thus
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Equations (23) and (26) are plotted vs. f, in Figure 5.

Referring again to Fiqure 3 the value of fn at the optimum
emitter current can be obtained by substituting Eq (12) into the
various "white" and "f2" noise terms in Eqs (6) and (7)

Afithee € ]/*

LA P

£ = (1.67f.)
n e
2'26i+hFE d

1+ q

G
e cT

wehre Qe is the photodiode/ré quality factor at fe given by

1
Qe = TrFrgI(ZnT Cy) (28)

The total equivalent noise bandwidth, Afa, of the amplifier
is given by

Af, = 2f, = 2.48f, (29)

A common figure of merit for optical receivers is noise equivalent
power (NEP). NEP is defined as

NEP = _'n_

Vaf;
Combining Eqs (26), (29) and (30) gives
NE® = 5.1 x 10"°fe‘/2(1 +1.2 x lO"fe)‘/2

This expression is also plotted in Figure 5.
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For a signal bandwidth of 40MHz this photodiode/preamp inter-
face has an NEP of about 3.9 x 10~!2W/Hz!/2, By comparison, the
Texas Instruments, Inc. avalanche diode module (60mi1 diameter
detector) at the same signal bandwidth has a quoted room tempera-
ture NEP of 5 x 107'* W/Hz!/%. Thus, at 25°C the avalanche detec-
tor module requires 7.8 times (8.92dB) less signal power than the
photodiode/preamp interface. As the temperature is increased to
100°C the noise of the avalanche module will increase by about
2.5 times due to the change in bulk dark current. However,. the
noise of the photodiode/preamp interface is essentially independent
of temperature. Thus, at 100°C the NEP of the avalanche module will
only be about 3 times better than the photodiode/preamp interface.

The preamp is a shunt feedback amplifier which provides an
output voltage in response to an input current. The transimpedance
of this amplifier is within a few percent of the feedback impedance.
Thus, for frequencies less than fo the transresistance of the ampli-
fier is equal to Rf. For each different bandwidth the value of R
is specified by Eq (3)

f

% . all
Re = mef, ol
The rms value of the output noise voltage of the preamp is given by

multiplying Rf from Eq (32) by the equivalent input noise current
from Eq (20) '

€on = 1o Re = 3.7 x 107(1 + 1.2 x 107%f,)1/2 (33)

For frequencies less than fel = 83MHz the rms output noise vnltage
s constant at 374uV regardless of the bandwidth of the amplifier,
This result is used in Section II.A. in the discussion of the

relative magnitude of noise and drift at the output of the preamp.

i e




In order to obtain an acceptable output drift, additional
drift cancellation elements must be employed in the circuit of
Figure 3. The two major sources of drift in the preamp are the
VBE and IB drift of the transistor T1. These two drift sources
can be effectively cancelled by following the preamp with the
emitter follower stage shown in Figure 6. The emitter follower
transistor T4 should be matched to T1 in Figure 3 and the emitter

follower bias current must be set at I .
Elopt

v
E Ihl

R
opt

The physical component layout should be designed to keep T1 and T4
at the same temperature. With adequate matching and layout, the
combined circuits of Figures 3 and 6 will provide an output voltage
drift of 20 to 40uV/°C.

+5V
o

-12v

Figure 6. Emitter Follower for Drift
Cancellation
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D. SUBOPTIMUM DETECTION SCHEME

The Spectronics, Inc. suboptimum detection scheme for
' I Manchester data is based on the photodiode/preamp interface de- I
i scribed in Section II.C. The receiver is shown in block diagram |
| form in Figure 7. The photodiode is direct coupled to the shunt
feedback preamp which is ac coupled to the postamp. The average |
value of the Manchester signal will appear across the coupling |
capacitor in the receiver. As a result, the signal past the
coupling capacitor will have the form of a bipolar signal with i
positive and negative peak values that are one half of the peak ’
value of the signal voltage ahead of the coupling capacitor. g
Figure 8 shows a typical unipolar Manchester signal and the signal l
voltages on each side of the coupling capacitor.

The Manchester signal can be decoded by sampling at either I
T/2 or T. However, sampling at T/2 is used in the Spectronics, Inc.
suboptimum detection scheme because it gives the best S/N for all
bit sequences with the worst case being a string of "ones" or a

string of "zeros". The value of signal current, is’ at sample
time (T/2) is

I
1,(1/2) = 75[] = 2] (35)

where Iq is the steady state signal current, and

1-z(T/2) is the fractional response of the two pole amplifier
chain.

The factor 1/2 is the result of the coupling capacitor charging up
‘ to the average value of the signal. In order to keep the S/N com-
parison of the matched filter and suboptimum detection scheme
manageable, the only bandwidth 1imitations that will be considered
are those in the receiver. This means that LED cutoff, pulse dis-
tortion in the fiber optic bundle and transit time cutoff in the
photodiode will be neglected. Also, the noise terms involving Qo
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will be neglected. These four effects are impurtant only at high
data rates. Section II.G. shows that LED bandwidth can be extended
by about a factor of 10 using speed-up techniques. In Section IV.D.,
the measured rise time with speed-up for an edge emitter LED

(SPX 1527-DB) is 1.1ns. From Eq (4), this corresponds to a 3dB fre-
quency of 318MHz. Thus, neglecting LED cutoff will not introduce
serious errors for data rates up to 300Mbit/s. From the discussion
in Section IV.F., the pulse distortion of a fiber optic bundle is
dependent on the length of the bundle and the NA of the light
coupled into the bundle. For 150ft of Galileo fiber optic bundle
and NA = 0.24, the expected pulse distortion is At = 2.66ns; this
corresponds to a 3dB frequency of about 164MHz. Thus, neglecting
pulse distortion in the fiber optic bundle will not introduce serious
errors for data rates up to 150Mbit/s. An analysis of the SPX 1615
p-i-n silicon photodiode presented in Appendix I shows that the
transit time cut off frequency is 330MHz. Thus, neglecting the
photodiode transit time cutoff will not introduce serious errors

for data rates up to 300Mbit/s. Section II.C. shows that the

effect of Q is to introduce excess noise above a noise transition
frequency f From Eq (21) f = 83MHz; this value is consistent
with measured amp]ifier characterlstics presented in Section IV.A.
Thus, neglecting excess noise due to Qo will not introduce serious
errors for data rates up to about 75Mbit/s. This latter condition
is the most severe limitation on the analysis.

For the two-pole low-pass characteristic defined by Eqs (1)
and (2), the fractional response at T/2 is?

1 - z(T/2) = 0.784




and the signal current at (T/2) from Eq (3) is

1
LT 7e
15(1/2) = 3 [2 '-".784]

iS(T/Z) = 0.322 IS

Since the photodiode produces a signal current at the input
of the preamp, the noise of the circuit will be expressed in terms
of the rms value of the equivalent input noise current. The ratio
of signal current, 1S(T/2), to the rms noise current, in, gives
the S/N ratio that is needed to calculate the error rate. Both
analysis and experiment have shown that the receiver is preamp
noise limited. Since the shot noise on the photodiode signal cur-
rent is negligible compared to the preamp noise, the equivalent input
noise current is the same value for both "on" and "off" conditions
of the LED. In this case, a S/N ratio of

i
1.—-°‘= 5.62
n

is required to achieve a bit error rate of 10°° (Ref 1).

Combining Eqs (1), (3) and (16) with Q°>>1 gives the expression
for the minimum noise of the suboptimum detection scheme in terms of
the bit time

2 = 4KT, (%) [Ce + ista, (39)
In a\ T2 | M 7 (1#hep)'/?

For the minimum noise condition and the parameter values of Eq (17)
the noise corner frequency from Eq (27) is

0]
fn = 1.61fo i gk (40)




Combining Eqs (37) and (39) gives

£s (.104)(TIS)2

{7 ' 1.35 C;
4'frkTa Cf + (]+hFE)1/2

For the typical parameter values shown in Eq (17) the S/N current
ratio tor the suboptimum detection scheme is

i
S = 15
in VZ x 10 IST (42)

Equations (39), (40), (41) and (42) are valid for present components
at data rates up to 75Mbit/s which corresponds to T > 13.3ns.

MATCHED FILTER DETECTOR

Huch of the effort on practical matched filter detection tech-
niques has been concerned with systems 1imited by "white" noise. The
integrate and dump system’ is one common matched filter detector used
with square pulses in "white" noise. The general theory of matched
filter detectors requires that the frequencv dependence of the
noise be included as a part of the matched filter characteristic.

A fiber optic data transmission system has two unique design con-
straints, both of which are related tc the noise. First, the dom-
inant source of noise is the first stage of the receiver; this places
the noise characteristics somewhat under the control of the designer.
Second, the basic nature of the photodiode/preamp interface insures
that there will be a significant "f2" noise term present. Thus, even
though the equivalent input noise characteristic of the preamp can be
optimized by the designer it will always be "non-white" with the
general characteristic shown in Figure 4,
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The filter characteristic (frequency response) of a receiver
system is called a matched filter when the ratio of peak signal to
rms noise at sample time at the output of the filter is the maximum
value of S/N that can be achieved. Since the matched filter gives
the best possible value of S/N, no other filter can give a higher
S/N. The value of S/N for a matched filter is

S/N = (energy of the pu'lse) 1/2
K

where K is the "white" mean square noise spectral density.

When working with a system with "non-white" noise, the
matched filter fcrmalism requires that a noise whitening filter be
provided ahead of the matched filter. Referring to the typical
input noise characteristic of Figure 4, the noise whitening filter
will have a pole at fn' The transfer function of the noise whiten-
ing filter is

H, () - (44)

where w, = 2nfn. A block diagram of a fiber optic data 1ink using

a matched filter detector is shown in Figure 9. Since the matched
filter is unique and provides the best possible S/N, the addition of
the noise whitening filter has not really changed the system. If the
noise whitening filter is not needed to maximize S/N, then it will be

cancelled out by the matched filter derived for the system. This de-
termination will be made automatically by the mathmatics.

To better understand the matched filter concept, consider
the system of Figure 9 in which a signal 1,(t) is passed through a
noise whitening filter with a transfer function H (w) and an impulse
response hn(t) and a matched filter with a transfer function H{w)
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and an impulse response h(t), The entire system is linear between
the point at which the noise is introduced and the point at which
the S/N 1s measured.

The convolution integral® can be used to determine the
signal output of the noise whitening filter, i,(t),

i,(t) = /;1(1) hn(t - 1) dt

-0

where T is the variable of integration and hn(t - 1) is the impulse
response hn(r) reversed in time and delayed through all successive
values of t. At the output of the noise whitening filter, the

signal is i2(t) and the noise is "white" with a mean square noise
.iZ

spectral density, K = 3%3 equal to the low-frequency value of the

equivalent input noise of the preamp.

The convolution integral can be used again to determine the
output signal of the matched filter, in(t),

in(t) = /;:(1) h(t - t) dt

where h(t) is the impulse response of the matched filter. From
Eq (43) the peak S/N at the output of the matched filter is

s/N = [energy of i,(t) /2
K

this maximum S/N will occur at the sample time, t,. At t =t,,
the output signal current from Eq (46) has a value of




bl i ot R —

iR

4 im(to) = ‘/.iz('r) h(tQ = @) U (48)

Notice in Eq (48) that if |

e

i,(t) = hty - 1) (49) |

then the integral reduces to

im(to) =/i§('r)d'r (50)

which is the energy in the pulse i,. Thus, the signal current
_ i (t ) is proportional to the energy in the pulse at i,. From
! Eq (49) the matched filter impulse response is given by

h(t) = 1,(ty - t) (51)
This equation states that the impulse response of the matched

filter must be tailored to the specific shape of the current pulse
at its input. Specifically, the shape of the matched filter impulse

response is the shape of the pulse reversed in time and delayed
by to.

The mean square noise current at the output of the matched

filter is
irz‘ = K/ h2(t) dt (52)

However, since the noise is Gaussian and white, it is unaffected by

‘ time reversal or delay so that

g & Kl;oh"’(t0 - 1) dt = K/ig('r) dt (53)

—

e
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From Eq (54) the S/N ratio at the output of the matched filter is

i_m= %ﬁg(r) dr

n -0

1/2

which is in agreement with Eqs (43) and (47).

If Eq (27) which defines the impulse response of the matched
filter is transformed into the frequency domain, the transfer
function of the matched filter is®

Hlw) = Ip(w) e 9%

*
where I,(w) is the complex conjugate of I,(w). The phase term

e'jwto represents the delay time which determines when the output
data should be sampled to achieve the peak S/N.

The block diagram of Figure 9 is consistent. with the assump-
tions used for the suboptimum detection scheme. That is, bandwidth
limitations resulting from the LED cutoff, pulse distortion in the




fiber optic bundle, transit time cutoff in the photodiode and Qo
limitations are neglected. For present components this limits

the analysis to data rates of 75Mbit/s or less. The only band-
width Timiting terms considered are in the receiver and in this
case are represented by the noise whitening filter and the matched
filter. Since the noise whitening filter is the only frequency
dependent term in I,(w), it follows that

I2(w) = H (w)

and Eq (56) becomes

Hw) = H () e™0%

Thus, the required matched filter transfer function is

e Juto
H(w) =

which is physically unrealizable because the negative sign in the
denominator indicates a pole in the right half plane. The combined
transfer function of the noise whitening filter and the matched
filter is

e'jwto

(60)
5
n

which has the same amplitude response as a double pole at W but with
a linear phase shift with frequency. Notice that the matched filter
cancels only the phase of Hn(m) but not the amplitude response. Thus,
the noise whitening filter was not an unnecessary addition to the
receiver.

H (0) Hw) =
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The fact that H(w) in the matched filter is not physically
realizable is to be expected; unfortunately, this is true for many
cases of practical interest. Even though the ideal matched filter
cannot be constructed, Eq (55) can still be used to determine the
best possible S/N and this value can be used as the basis of eval-
uating the performance of practical approximations.

The lowest equivalent input noise in the matched filter
receiver will be achieved if the noise whitening pole at W is built
into the preamp feedback network. Thus,

1
f. = (61)
n ZanCf

The "white" noise at the preamp input is

i; 2q1¢
-A-? = ﬁ-ﬁ-F—E + 4kTa(2ﬂfncf) (62)

and the "f2" noise is given by Eq (63) for Q, > 1

i KT,
5 = 2T, g1 (2nfC,)? (63)

The noise corner frequency can be evaluated by equating Eq (62) and
Eq (63) for f = fn

ql¢ Ce E} 1 1/2
fom e | T T\G@ T (64)
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For the typical parameter values shown in Eq (17), the expression for
W, = 2nf,_ reduces to

& 11
w, = 8.5 x 10" I (65)
Substituting Eq (65) and the typical parameter values into Eq (62)
gives the expression for K
12

S =21
K-F 5.6 x 10 IE

Both @, and K are directly proportional to IE'

By direct integration!® of Eq (55) the S/N ratio at the output
of the matched filter is

: 1/2
l.—s—= Is w.t - 1-e-wnt°
i, ‘Jz:: no

where t, is the sample time for maximum S/N. For Manchester data
of period T, the sample time is

t, = T/2

Analysis of Eq (67) using the numerical values for w, and K from
Eqs (65) and (66) shows that the optimum value of I which maxi-

mizes S/N is
I =0
[E]opt

and at this optimum point




Relative S/N Vs mnT




is w, 1/2
o g - 15
T "\ 1T =4.36 x 107 LT

The S/N ratio is plotted as a function of wnT in Figure 10. From
Eq (40) the suboptimum detector was biased for

L7906
w, = 5 (71)

which in Eq (64) using the typical parameter values in Eq (17) gives

= -12]

From this bias condition the S/N ratio of the matched filter is 65%

of the optimized value. Simplifying assumptions made at the begin-

ning of this analysis limit the results to data rates of 75Mbit/s or
less; this corresponds to T < 13.3ns.

DETECfION SCHEME COMPARISON

Comparing the S/N expressions in Eqs (42) and (70) shows that
the maximum S/N of the matched filter is 3.08 times higher than the
S/N of the suboptimum detector. When both preamps are operated at
the same bias point, the matched filter S/N is 2.00 times higher
than the suboptimum detector. Taking into account the factor of 2
signal loss due to the coupling capacitor in the suboptimum detector,
the matched filter and suboptimum detection schemes give the same S/N.

Selection of the emitter bias current must consider other
factors than S/N. If the bias current is too low, the fT of the
input transistor will be inadequate to provide the required fre-
quency response. In general the emitter bias current should be
increased proportional to the bit rate. The emitter bias current
specified by Eq (72) is a good compromise between speed and S/N for
most applications.




The Spectronics, Inc, suboptimum detection scheme would
have a §/N ratio equal to that of a matched filter detector if
a way could be found to recover the factor of two in signal ampli-
tude that is lost at the coupling capacitor. The conclusion is
that the suboptimum detector that has been used is a good rrac-
tical approximation to a matched filter and no more than a
factor of 2 (3dB) improvement in the S/N can be expected.

LED SPEED-UP TECHNIQUE

The measured frequency response of GaAs diffused junction
LEDs is presented in Section IV.A. These data show that the high-
frequency cut off of the modulated 1ight output can not be properly
represented by a single pole transfer function. However, the
observed frequency response is the expected characteristic for a
p-n junction diode dominated by minority carrier diffusion effects.
The measured modulation transfer function of a diffused junction
GaAs LED is

o . _"ab
R A

is the ac component of optical power,
is the ac component of LED current,
is the quantum efficiency,

is the emitted photon energy, and

is the LED corner frequency.

The term corner frequency is used to denote the intersection of
the extended high-frequency and low-frequency asymptotes. For the
characteristic of Eq (73) the corner frequency is not the 0.707
frequency; the expression for the 0.707 frequency in this case is




f¢ =J3_fd

The 0.707 frequency, f¢, is the easiest value to measure for the
LED. It can be measured directly with ac(sine wave) modulation or
it can be determined from t,, the 10-90% rise time of the LED driven

¢
with a constant current pulse.

.35
R
¢ t¢
From the transfer function of Eq (73) the shape of the LED pulse
response follows an error function rather than an exponential.
However, Eq (75) is a valid relationship for 0.707 frequency and
10-90% rise time for both the exponential and the error function

responses.

The LED transfer function of Eq (73) is plotted in Figure 11.
The high-frequency asymptote has an f'* frequency dependence.
The frequency response of tne LED can be extended by using a
driving network which provides an LED drive current that increases
with frequency. A specific example of an RC network which has
this desired property is shown in Figure 12. The SE3450 GaAs LED
is used as a reference diode to provide a prebias to the output
LED. The current 1 is presumed to be supplied from a high im-
pedance source such as the collector of a transistor; the bias
current for the reference diode should be larger than the peak
value of 1a. The transfer function of the overdrive circuit is

|,
1: m, 1+jf/ma?'a

iy
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Figure 12. Overdrive Circuit with
LED and Bias Diode
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The special case of Ra = Rb will be used as an example to
illustrate a method of selecting the proper value of Ca to use
with a particular LED. In this special case, m, = 2 and Eq (76)
becomes

o)) 1+Jf/fa]
?;': 2 i+j?72fa




This transfer function is also plotted in Figure 11 with the relative
response normalized to the low-frequency value. The 2/1 ratio of
corner frequencies gives a 2/1 boost in output current at high fre-
quency. The relative response is increased by \ff at

f, = V2 f, (80)

Figure 11 also shows the composite transfer function of the
LED and overdrive network given by

E .
ia (T; a/l 2 (]+jf/2fa)(]+jf/fd)1/2
the relative response is normalized to the low-frequency value.
The particular composite response shown in Figure 11 was achieved

by selecting fb (the\[f frequency of the network) to be equal to
f¢ (the .707 frequency of the LED),

Combining Eqs (80) and (82) gives

and from Eq (77) the selectjon rule for the value of C, to be used
with a particular LED is

o MY

Qe Ra
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From Figure 11 the effective bandwidth of the LED is increased

by 4.2 times by the 2/1 overdrive network. The selection rule shown '
1 in Eq (84) is good only for m, = 2; however, a similar selection rule
can be found for each value of My In general, the increase in band-
width provided by an overdrive network is about m;. However, values
of my larger than \[Tﬁ do not give a flat composite transfer function
and the resulting peaks and valleys in che transfer function give rise
to ringing and other undesirable features in the pulse response.
Thus, the overdrive circuit of Figure 12 is in practice limited to
a factor of 10 increase in bandwidth; the use of more complex over-
l drive networks can provide larger increases in bandwidth.

The increased bandwidth achieved with an overdrive network is
obtained at the expense of the efficiency of the drive circuit.
With a 2/1 overdrive, the drive circuit must supply a peak current
that is 2 times larger than the low-frequency value of the LED peak
current, The extra power required from the drive circuit is dis-
sipated in Ra and Rb'

The type of overdrive network shown in Fiqure 12 connects
directly to the LED terminals. This type of circuit is useful with
both analog and pulsed signals. With pulse or digital signals the
overdrive network provides speed up of the optical rise time, fall
time and repetition rate.
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SECTION III
DATA BUS STRUCTURE

Construction of a data bus requires the use of signal coupling
devices which make it possible for each station to receive signals from
the bus and transmit signals onto the bus. The vital nature of the
signal transactions on an avionic data bus dictates that a strong
emphasis on system reliability be used in the coupler design. In
general, repeater systems are not employed in data buses because damage
to one repeater would interrupt signal flow on the entire data bus.

In an optoelectronic data bus, the various stations are inter-
connected with flexible fiber optic bundles. The desired signal coupling
device should provide the following functions:

e A portion of the optical signal should be
removed from the bus for detection.

® The undetected remainder of the optical signal
should be passed on for distribution to the
other terminals on the bus.

o Optical signals generated in that terminal should
be coupled onto the bus and distributed to the
other terminals.

Meeting these requirements provides fault isolation on the optoelectronic
data bus so that failure of one of the stations on the bus will affect
only that station and will leave the remainder of the bus unimpaired.
Two basic schemes have been reported!!’!2 for providing these functions
in an optoelectronic data bus; both schemes have been investigated on
this program. One approach uses an in-line configuration in which in-
dividual stations are sequentially interconnected by flexible fiber
optic bundles. The other approach uses a radial configuration in
which all stations are connected by flexible fiber optic bundles to
a centrally located mixing point.
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Reference 1 presented an analysis and comparison of three
in-line data bus structures,

e Simplex Loop,
¢ Uniform Duplex Loop, and

e Tapered Duplex.

A11 three of these in-line structures are based on the use of
passive T couplers with plugable optical interfaces.

This section presents an analysis of a fourth physical data
bus structure which employs a radial geometry. The radial data bus
offers several advantages over the in-line structures. Among these
advantages are: '

e Fewer plugable interfaces,

e Ease of construction,

® Less optical attenuation, and
¢ Minimum dynamic range.

With the in-line data bus configurations the individual
stations on the data bus are sequentially interconnected by flexible
fiber optic bundles. With the radial geometry all stations are
connected by flexible fiber optic bundles to a centrally located nix-
ing point as shown in Figure 13. The radial configuration as repre-
sented in this figure gives the impression of requiring more fiber
bundle than the in-line stiuctures presented in Ref 1. However,
closer analysis shows that just the opposite is actually true. The
fiber bundles in the radial data bus each connect to one LED and
one photodiode and are, therefore, smaller in diameter than the fiber
bundles required for an in-1ine system with the same number of
stations. Also, in the radial system, the fiber bundles go directly
from the radial ccupler to the various stations so that the length
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of the individual fiber bundles is minimized. In an aircraft in-
stallation, the various fiber bundles can be cabled together in a
harness for convenient installation or purposely separated to pro-
vide greater damage immunity. The duplex data bus depends entirely
on the proper functioning of one passive coupler. If that coupler
is damaged, the entire system fails. However, damage to a radial
arm or a station does not affect the performance of the remainder
of the system. The in-line data bus structures are also protected
against failure of a station. However, damage to the connecting
fiber optic bundle or any one of the T couplers separates the data
bus into two isolated parts. From an operational standpoint,

the radial coupler should be located half way between the two most
distant stations. This optimum location can be closely approximated
in practice because the radial coupler is a completely passive
component that does not have to be located near any of the data bus
stations. However, in military aircraft, reliability considerations
may dictate that the radial coupler be located near the cockpit or
near a central computer so that the zone of vulnerability can be
minimized. In any case, the radial coupler is much smaller than
the sum of all of the T couplers and connecting fiber optic bundles
in an equivalent in-line data bus. Because of this size advantage
the radial data bus structure offers the highest probability of
surviving in a battle damage situation.

e i W o S T o . e e . =

A. DEFINITIONS

Figure 14 shows a schematic representation of a radial coupler.
In this case the scrambler has a diameter equal to the diameter of
all of the radial arms bundled together. The mirror reflects all rays
back into the scrambler so that every radial arm can couple to every
other radial arm. A T coupler schematic is shown in Figure 15. The
scramblers shown in Figures 14 and 15 are short lengths of solid clad
glass rod with the same diameter as the body of the coupler. The

53




-

e

I/0 Port Scrambler Rod
(typ) . (typ)
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purpose of the scrambler is to uniformly distribute the optical energy
entering the LED port over the area of the exit port so that it will
be coupled into all of the individual fibers in the fiber optic cable
leading to the next station. This insures a reproducible sample of
the total signal on the bus at each station.

The performance of a passive optical coupler can be described
in terms of a transmission factor, one or more quality factors and a
coupling factor. In this report, TT and CT are used to designate the
transmission factor and coupling factor for a T coupler; for a radial i
coupler the symbols T, and C, are used. The transmission factor '
describes the fraction of input optical power (at an input port) that

; is coupled to the output port. The definition of transmission factor ‘
is |
_ (power at output port)
Ty or T = “toower at input port) (85)

The transmission factor is always less than one because of the inten-
tional removal of optical power at other ports and because of optical g
losses in the coupler. The coupling factor is basically an area ratio . - ’
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which describes the fraction of total power removed from the bus.
The definition of coupling factor is

iy e (scrambler area attributed to a detector port) (86)
T % (total area of the scrambler)

This definition of the coupling factor is very basic and general.

It was chosen because it accurately represents the performance of
both T and radial couplers and allows the use of common terminology
in describing both types of data bus systems. The fraction of input
power coupled to the detector port will always be less than predicted
by Eq (86) because of reflection, packing fraction, and attenuation
losses in the detector side arm. The coupling factor defined by

Eq (86) cannot be measure& optically on a finished coupler. However,
this coupling factor has great practical value as a design parameter
because it specifies the area that should be attributed to the de-
tector port independent of the losses in the detector side arm. For
the radial coupler of Figure 15 the term detector port should be
interpreted to mean input/output port.

1. T Coupler

Tyo quality factors are required to accurately represent
the perfgrménce of a T coupler. A general T coupler schematic is
shpun’?n Figure 15. The transmission quality factor, my provides
a measure of the losses in the transmission path. Using Eqs (85)
and(86) and assuming equal scrambler areas attributed to LED and
detector ports, the transmission quality factor is defined as

:
e
i ¢ 1-2C;

which may be rearranged as

Ty = mp(1-2C;)
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From Eq (87), My is the ratio of the power at the output port to the
power into the area attributed to the output port. The coupling
quality factor, Mes provides a measure of the losses in the detector
side arm; it is defined by

g (power at detector port)
C = (power into scrambler area attributed to detector port)

(89)

The detector port output power Po can now be expressed as a function
of coupler output power Pa:

A2 CincPy (90)

Due to the physical symmetry of the T coupler, it will be assumed that
the coupling quality factor is the same for the LED side arm and the
detector side arm. In an actual coupler, the values could be different
because ot broken fibers and/or differences in packing fraction. In
addition, the amount of power coupled into the LED port is strongly
dependent on the radiation pattern of the LED. Losses at the LFD

port over and above those included in me should be charged against the
LED and not the coupler. An LED quality factor, m , shculd be used to
represent the LED-dependent losses. The definition of m is

P (power into area and NA of LED port) (91)
L (total output power of LED
Thus the product mem represents the efficiency with which the total
LED output power Pi is coupled to the bus.

m.m
L
s TN (92)

The factor 2 in the denominator of Eq (52) describes the equal divi-
sion of the LED power between the two directions of propagation.
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The values of me and me can be combined to give an overall
quality factor, m, for the T coupler. This overall quality factor
is defined by

m = {power sum at output, detector & LED ports) (93)
(power at input port)

This factor does not appear in the system design equations; however,
it is useful as a parameter to assess the quality and perfection of
the technology used to construct a coupler. The value of m can be
obtained from Eq (93) using Eqs (85) and (86).

m= TT + ZmCCT

Combining Eq (43) with Eq (38) to eliminate Tr gives

m=m E-ch<1 - %)] (95)

If the coupling factor, Cy» is small, Eq (95) shows that the overall
quality factor is about equal to e In fact, if Mme = M, the overall
quality factor is equal to My for all values of CT‘ In general,
quality factor is a transmission parameter which designates the com-
plement of the attenuation or loss; when losses are zero, quality
factor has its maximum value of one.

A serious effort has been made to define parameters that
describe the performance of T couplers without resorting to any par-
ticular technology or construction technique. Because of this,

Eqs (85) through (95) have relied heavily on general word definitions
rather than schematics or pictures of a specific type of T coupler.
This general T coupler model is used in Appendix II in the analysis
of an in-1ine uniform duplex data bus and in Appendix III in the
analysis of an in-line tapered duplex data bus.
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Radial Coupler

Due to the symmetry of the radial coupler, only one quality
factor, m,, is required to describe its performance. A radial coupler
is shown in schematic form in Figure 14. The quality factor, m,, is
defined by

_ {sum of output power at all ports)
M {power in at input port)

(96)

This is similar to the overall quality factor of the T coupler given in
Eq (93). For the radial coupler there is no possibility of optimizing
the coupling factor because the area ratio is uniquely determined by
the geometry. For an N-station radial duplex bus there are N input/
output ports all of the same area. Therefore, the total area of the
composite fiber optic bundle at the scrambler rod must be N times the
area of each input/output port. From Eq (86) the coupling factor for
tk- radial coupler is

Cy = (97)
Equations (86) and (97) combine to specify the fraction of the area

of the scrambler that should be used for the detector (input/output)
i
port.

(Area attributed to one input/output port)
(Area of scrambler) | (98)
When power is coupled into any one LED port of a radial
data bus, all N detector ports receive power. In the ideal case of
uniform power distribution in the scrambler the transmission factor of
the radial coupler is the same for all stations and is given by

Ty = myCy (99)
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Combining Eqs (51) and (53) gives

RADIAL DATA BUS ANALYSIS

In a radial data bus, flexible fiber optic bundles are used for
the connections between the stations and the radial coupler as shown
in Figure 16. The length of a radial data bus (for signal attenuation)
is not the total length of the fiber optic bundles used in the system.
For the radial geometry, the length of the bus, L, will be taken as
the greatest length of fiber optic bundle between any two stations on
the bus. For the analysis, the radial coupler is assumed to be cen-
trally located so that all other transmission paths between stations
have lengths equal to or less than L. In this case the maximum fiber
optic attenuation, s is given by

A, * exp[-alL] (101)
where « is the attenuation coefficient of the fiber optic bundle.

Comparison to Eq (202) in the T coupler analysis given in Appendix II
shows that

(102)

where a is the average fiber optic attenuation between
adjacent stations, and

N is the number of stations.

In order to facilitate the comparison petween the radial and in-line
data bus systems, the concept of average fiber optic attenuation per
station will be retained in the radial data bus analysis with a,

defined by Eq (202).
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For purposes of analysis the longest transmission path is
assumed to be between stations k and N. When station k is trans-
mitting, the signal power relationships can be determined from
Figure 16. When an optical power, Pik’ is emitted by the LED of
station k,the power at the LED port is mLPik’ where m is the LED
quality factor defined by Eq (91). The power at the input port of
the radial coupler, Pif’ is given by

: $(N-1)
£ = MmTcTado Pik (103)

Py

where Tc is the transmission of the fiber optic termination at the
LED interface given by

5 ('I-RC)GRa

is the front surface reflectivity of the core glass,

is the geometrical area coverage of the fibers in the
termination, and

Ra is the core/fiber area ratio.

The symbol Tfk represents the portion of the interface transmission

at the radial coupler input port that can be attributed to the exit
end of the fiber optic bundle between station k and the radial coupler.

When power is coupled into any port of a radial coupler, all
N ports reccive output power. In the ideal case of uniform power
distribution in the radial coupler, the output power at the detector
port of station N as a function of the station k LED power is
N-1
Pon _ MM Tc T Teao

Rpy = 5o = (105)
=P 2N
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The symbol TfN represents the portion of the interface transmission
at the radial coupler output port that can be attributed to the
entrance end of the fiber optic bundle between the radial coupler
and station N. If the side arms of the radial coupler are made from
fiber optic bundles, then these two interfaces are fiber bundle/
fiber bundle interfaces and TfK = TfN' When solid side arms are
used in the radial coupler the plugable interfaces are similar to
fiber/scrambler interfaces used in the T coupler. In this case,

Tfk is the transmission of the core/air interface which is denoted
by the symbol Té where

T = (1-Rc) (106)

n, =n.\
fo\n T, e

where n, is the index of refraction of the core glass, and

and

n, is the index of refraction of the coupling medium

(n, =1 for air),

1

and  Tg\ = T. given by Eq (104). The values of Tg and Ty must be
determined for each different radial coupler design; no part of Tfk or
TfN is included in m,. The factor 2 in the denominator of Eq (105)
results from the power split between the LED and detector ports at
station N. Equation (105) is the worst case power ratio, Rp*s for

the radial data bus.

A1l of the signals on a radial data bus pass through the same
centrally located radial coupler. If the radial coupler gives a
uniform power distribution to all input/output ports, then the
dynamic range of the radial data bus is due entirely to the differ-
ence in attenuation of the various fiber optic bundles.
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B If the stations of a radial data bus are uniformly spaced,
‘ the greatest distance between a station and the radial coupler is
0.5L and the shortest distance between a station and the coupler
is {%%%% . In this case, the fiber optic attenuation for the most
! distant station is az(N']) and for the closest station is az.
Assuming the radial coupler gives the uniform power division shown
R in Eq (97) the worst case dynamic range results at a station close
: to the radial coupler. The largest detector signal occurs when
another close station transmits and the attenuation is a- The
smallest detector signal occurs when a distant station transmits
i and the attenuation is a*N. In this case the worst case dynamic

o
range, Dpy, is given by Eq (108)

N-2
112
Dps = k (108)

For any given station the dynamic range can be significantly
reduced by lowering the LED drive current in the stations that have
short fiber optic bundles. If the drive currents are adjusted such
that the optical power reaching the coupler is the same for all LEDs,
then the dynamic range at any particular detector is 1.0. Each
detector, on an individual basis receives the same power from all
LEDs. However, this constant signal level is different for different
detectors because of the variation in the fiber optic attenuation
between the radial coupler and the various detectors. In this case,
the ratio of power levels over all detectors is the ratio of the
attenuation of the shortest (a*) and longest (a*N'*) fiber optic

0 0
bundles which is ag(z' ),

) The dynamic range of the radial data bus can in theory be re-
i duced to the ideal value of 1.0 (zero dB) by including equal attenua-
tion in all of the fiber optic bundles. “In this case, each detector
receives the same signal regardless of which LED is transmitting s
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and all detectors receive the same signal when any LED transmits.

One way to make a uniform attenuation radial system is to make all

of the fiber optic bundles the same length. A more practical way

to achieve uniform attenuation is to include a neutral density filter
element in tne shorter fiber optic bundles to bring all fiber optic
bundles to the same attenuation regardless of their length.

In military aircraft, reliability considerations may dictate
that the radial coupler be located near the cockpit or near a central
computer so that the zone of vulnerability can be minimized. These
requirements may preclude locating the radial coupler half way be-
tween the two most distant stations. For example, one remote
station may be near the tail of the aircraft with all other stations
about equidistant from the radial coupler located at the central com-
puter. For a fighter aircraft, typical fiber optic cable lengths
might be 50ft between the radial coupler and the remote station in
the tail and 10ft between the radial coupler and the next most dis-
tant station in the nose. For fiber optic bundle with attenuation of
0.2dB/ft the caple attenuation to the remote tail station is 10dB
and to the nose station is 2dB. The actual total cable attenuation
in this case is 12dB. However, if neutral density filters are used
to minimize dynamic range, the result is that all cables are brought
to an attenuation of 10dB and the effective total cable attenuation
is 20dB. This is 8dB more cable attenuation than would be achieved
if the radial coupler were located half way between the nose and the
tail stations (two 30ft, 6dB fiber optic cables). When the radial
coupler is not centrally located, the maximum fiber optic attenuation
given by Eq (101) should be calculated using a value of L which is
two times the length of the longest cable. This nas the effect of
decreasing (degrading) the worst case power ratio, Rpss given by
Eq (105) as compared to the optimum value for central location of
the radial coupler. The dynamic range of the radial data bus need
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not be affected by the placement of the coupler if current adjustment
or neutral density filters are used.

The effectiveness of the scrambler in the radial coupler must be
determined experimentally. Measurements on the radial couplers re-
ported in Ref 2 show both nonuniform scrambling and nonreciprocal
coupling between the various ports; that is, port 1 does not couple
an equal fraction of power to the other ports and port 1 does not couple
the same fraction of power to port 5 that port 5 couples to port 1.

The best radial coupler reported in Ref 2 shows a power output ratio
of 2.9/1; this gives a dynamic range of

Dpx = 2.9 (4.62d8) (109)

The measured nonreciprocal coupling is less than 2/1. Proposed im-
provements in fabrication techniques are expected to reduce the dynamic
range to less than 2/1 (3.0dB) and essentially eliminate nonreciprocal
coupling. Use of neutral dencity filters in the radial arms to achieve
the uniform attenuation condition will also make it possible to compen-
sate for nonuniform signal distribution between the radial arms. Using
the pair of ports with the highest coupling factor for the two longest
radial arms will result in an improvement in system performance over
that calculated above.

The possibility of achieving a zero dB dynamic range in the
radial data bus is a very significant advantage in overall system
performance. The nonuniform and nonreciprocal coupling reported in
Ref 2 results from the mixing properties of the cylindrical scrambler
rods used in the construction of the couplers. These effects ave
described in Section III.E. A rectangular scrambler rod is proposed
to provide more uniform power distribution. In a practical radial
data bus, the dynamic range will be determined by the uniformity of
the power division provided by the radial coupler. The rectangular
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scrambler approach is expected to give a dynamic range of less than 2/1
(<3.0dB).

The discussion in Section 1I of this report shows that the uni-
polar nature of the optical signal causes the average value (threshold
level) of the received signal to shift with changes in signal level for
transactions between different stations (dynamic range). Accommodation
of a large dynamic range results in added complexity in the receiver
electronics and the necessity of long dead times between transactions
and long sync preambles which reduce the efficiency of the data bus.
The practical attainment of a small dynamic range in the radial data
bus simplifies the receiver electronics and removes the restrictions
on the efficiency of the bus.

The value of Rp, can be calculated for a state-of-the-art
radial duplex bus from Eq (105). For L = 100ft and using 0.45dB/m
fiber optic bundle, Eq (101) gives

a = ao“" = 4.27 x 1072 (-13.70dB) (110)

The best radial coupler reported in Ref 2 has
m,T Tey Ty = 04102 (-9.91d8B) (11)

Using Egs (110) and (111) the value of RP*/mL for an 8 station radial
data bus is

RP*
g & 2.72 x 107" (-35.75dB) (12)
L

For 10Mbit/s Manchester data, the preamp 3dB frequency, fe’ from
Eq (5) is 8.1MHz. Allowing 2.5 times more bandwidth for synchron-
jzation and clock recovery, the required 3dB bandwidth is 20MHz.
From Figure 5 or Eq (26) the receiver requires p = 17.9nW for
S/N=1. For abit error rate of 10-* including clock errors and
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] _ data errors the required S/N is about 5.75. For 2.5 times excess
bandwidth, the fractional response is 1.0; thus, from Eq (35) the
required steady state detector power, Ps’ is

tPi = 2.72 x 10-"

Bes (2)(5.75) P
(113)
| L = 206nW
Using Eq (113) with the value of RP*/mL from Eq (112) the required
} useful LED power, mLPi’ is given by
i L 206MH__ - 0, 76mM (114)
|

In this context, the term useful LED power refers to the optical
! power coupled into the aperture of the fiber optic termination with-
| in an acceptable launch cone. For Galileo 45mil diameter fiber optic
bundles the SPX 1527 and SPX 1775 LEDs offer values of useful LED power
i in the range of 1.0 to 2.0mW. Thus, the required power of 0.76mW in
Eq (114) is well within the capability of available components.

l The conclusion is that presently available optoelectronic

‘ components and technologies are adequate for the construction of an

E 8-station, 100ft, 10Mbit/s radial duplex data bus with an error rate
of less than 10-°.

Three in-line data bus structures were presented in Ref 1.
One of these structures the simplex loop, was used mainly as an
analysis vehicle and does not represent a practical data bus con-
struction technique. The uniform duplex and tapered duplex systems
are viable approaches and their key performance equations are

I
' C.  IN-LINE DATA BUS SUMMARY

67




o

presented here to facilitate comparison to the radial data bus. The
in-1ine uniform duplex data bus analysis is presented in Appendix II;
the analysis of the in-line tapered duplex data bus is presented in
Appendix III.

The symbols at the left margin in some of the following equa-
tions are used to avoid complicated subscripts and ambiguity in the
comparison. These symbols and their meanings are

*D Radial Duplex
UD Uniform Duplex
TD Tapered Duplex

For the uniform duplex data bus, the worst case signal transfer
occurs when the station at one end of the bus is communicating with
the station at the other end of the bus. From Appendix II the worst
case fractional power ratio, RPT’ for an N station data bus is

p T T mmacs
U Ry = F°N 5 [a CmL C ][ao T.T.m(1- 2cT):| (115)
1

i

where PoN is the output power at the detector port of station N, and

P, is the input power at the LED port of station 1.

iy

The term a, represents the average attenuation between adjacent stations
and is defined in Eq (202) of Appendix II. The term T, is the trans-
mission of the termination on the fiber optic bundles used to intercon-
nect the stations; T is defined in Eq (104). The term T, is the
transmission of the core/air intertace given by Eq (106).

Equation (115) shows the relative importance of the parameters
of the T coupler in determining overall system performance. The trans-
mission quality factor, m., appears with the exponent N-2; whereas, the
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coupling quality factor, me, appears with the exponent 2 independent of
the number of stations on the bus. Thus, my has much greater signifi-
cance than me in determining system performance and the greatest empha-
sis should be placed on increasing the value of mr. The worst case
power ratio can be maximized by setting the derivative of Eq (115) with
respect to CT equal to zero, and solving for the optimum value of CT'
This operation gives (see Appendix II for derivation)

4
ub copt = INTY (116)

From Eq (116), the optimum value of C; is dependent only on the number
of stations on the bus. Specifically, this means that copt is inde-
pendent of quality factor and fiber optic attenuation; this is a very
general result with no limiting assumptions or approximations.

The maximum value of the worst case power ratio for the duplex
bus is calculated by substituting Eq (116) into Eq (115). This
operation gives

N-2
e . | g aoTcTcmme aoTcTcmT(N-Z) 1)
PT|max 3(R-1) N-1)

Referring again to the in-line uniform data bus analysis presented in
Appendix II, the worst case dynamic range when the coupling factor is
equal to Copt is given by

UD DI = n-1] " (118)
RT [opt aeTcTcmT N-2

The tapered duplex data bus features a differen: coupling
factor for each station to provide a uniform response at all detectors
when either one of the end stations is transmitting. To accomplish
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this, the coupling factors must depend on the fiber optic attenuation,
quality factor, and termination transmission. From the analysis pre-
sented in Appendix III the coupling factor for station k in an,
N-station bus is

O.S(aomTTcTc)k'1(1-aomTTcTc)

TD Ck X (119)
s (aomTTcTc)
The worst case fractional power ratio for the tapered duplex
bus is
2 N-2
10 Rz 3 McTeTe (aomTTcTc‘ (1'aomTTcTc) (120)
o'c'c

Again the vactor mTTc appears with the exponent N-2 and is therefore
much more significant than the term mE.

The worst case dynamic range of the tapered duplex bus is

() Der = 1+ agmT.T, (121)

This expression assumes that the stations are uniformly spaced along
the bus and that tne various LED drive currents are optimally re-
duced toward the center of the bus. Deviations from these assumptions
and practical imperfections in the couplers will increase the dynamic
range.

D. RADIAL/IN-LINE COMPARISON

The worst case fractional power ratios for the in-line uniform
and radial data bus systems are given in Eqs (117) and (105)
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respectively. Comparison of these expressions shows that fiber optic
attenuation (aoN'l) is the same for both systems. However, for every-
thing except fiber optic attenuation, the radial coupler gives superior
performance. The ratio of worst case detector power for the two sys-
tems can be obtained by dividing Eq (105) by Eq (117). This operation
gives the improvement factor

*D
R 2 - N JAN-
PT mCTcTc(mTTcTc)

(122)

This expression can be further simplified by comparing specific
systems. The Tc in the numerator of Eq (122) arises at the LED/fiber
optic interface in the radial data bus and is therefore about equal
to me in the denominator which arises at the LED/fiber optic interface
in the in-line data bus. For a solid side arm radial coupler and a
split-rod T coupler TfN = Tc and Tfk = Tc' With index matching mater-
iais used at the internal interfaces in the two couplers, typical values
of the quality factors are m, = .848 and me = .558. Using these approx-
imations, the improvement factor, Eq (122), reduces to

R

* P* _ __ 3.0 (N-l) (N-1)"‘2 ies)

With no index matching at the plugable interface, my is about equal to
Té. For lead glass fiber T, = .94 and from Ref 2 a typical value of
T. s .656. Using these values gives mT T, = 0.545; the best ‘
T coupler reported in Ref 2 has a measured value of mTTcTc = 0.452.

If index matching is used at the plugable interfaces then ideally

my = 1, Tc =1, and Tc = GRa = 0.696 for Galileo fibers; these values
give mTTcTc = 0.696. If the cladding material is removed from the
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Figure 17. Worst Case Power Improvement Factor
Radial Duplex/Uniform Duplex
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fibers in the termination region then Ra =1, G = .85; this gives

mTTcTC = 0.85. The values of the quantity mTT TC are recorded in

Table 1. .

Table I. Typical Values of mTTcTC

Remarks

Best measurement, Ref. 2

Theory, index matching in coupler no

index matching at plugable interface

Theory, full index matching

Theory, full index matching and cladding
removed at termination

Figure 17 is a plot of the worst case power improvement ratio of
Eq (123) for the four values of mTTcTc shown in Table I. Since

Eq (123) and Figure 17 are independent of fiber optic attenuation,
the improvement ratio is independent of the type of fiber optic
bundle used and the length of the bus as leng as these parameters
are the same for both systems.

From Figure 17 the improvement factor for an 8 station bus
when mTTCTC = 0.452 is about 26dB. This means that for the best
measured T coupler performance?, the worst case power ratio in the
radial bus is 400 times (26dB) higher than the worst case power ratio

in the in-line data bus.
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The improvement in dynamic range of the radial system over the
uniform duplex can be obtained by dividing Eq (118) by the value of
DR*; this will give the improvement as a number greater than 1. If
neutral density filters are used to give equal attenuation in the
side arms then DR* will have a value of about 2.0 and the dynamic
range improvement is

D

L4 RT . l[ ) (124)
*D D 2 aomTTcTc

The average spacing between stations in avionics data buses is about
3m. Table II shows different types fiber optic bundles and the valua
of a, corresponding to a length of 3m. Using a, = 0.748 and

mTTcTc = 0.452 in Eq (124), the dynamic range improvement for an

8 station bus is 844 or 29.26dB. Thus, comparing the uniform duplex

bus and the radial duplex bus, the latter gives a significant improve-
ment in both worst case fractional power ratio and dynamic range. Alco,
the radial bus only requires one passive coupler for the entire system
whereas the uniform duplex bus requires a coupler of comparable com-
plexity for each station.

As previously discussed, reliability considerations may dictate
that the radial coupler not be located half way between the two most
distant stations in the aircraft. In this case, the maximum trans-
mission path in the duplex bus will be somewhat longer than in the
uniform in-line bus. If neutral density filters are used to equalize
the attenuation of the transmission paths in the radial data bus,
then the dynamic range ratio of Eq (124) will be unaffected by the place-
ment of the radial coupler. However, the worst case power improvement
ratio in Eq (122) is sensitive to the radial coupler placement. For
the 60ft bus discussed in Section III.B., the radial system would have
8dB more attenuation than if the radial coupler were centrally located.




Thus, the worst case power improvement ratio, Eq (123), for an 8 station
bus would be 18dB rather than the 26dB value shown by Figure 17. This
result assumes that there are no problems in routing the fiber optic
cables in the in-line system. In general, the worst case power improve-
ment ratio in Eq (123) should be multiplied by the maximum attenuation
ratio for the two systems when those attenuation values are different
for any reason; the dynamic range improvement ratio is not affected by

differences in maximum attenuation.

A comparison of the worst case fractional power ratio of the
radial duplex bus and the tapered duplex bus is obtained by dividing

Eq (105) by Eq (120)

; ; N-1
*D Rox T TaTen  1-(agnrTe)
1-{a meT.)

had 1) & 125)
1D R 2 N-2 (
PT ch(mTTCTC)

The term TC in the numerator arises in the radial bus at the LED/fiber
f optic station interface and is therefore about equal to m. in the de-
nominator which arises at the LED/fiber optic interface in the T coupler.

l Table II. Fiber Optic Bundle Average
Attenuation Vs Type

l
i
. Fiber Optic Loss Factor a,
l Bundle Type dB/m dB -
I Galileo 0.60 1.8 0.660
[ Rank 0.42 1.26 0.748
1

Pilkington 0.10 .30 0.935
' Corning 0.03 .09 0.979
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For a solid side arm radial coupler and a split-rod T coupler T‘k = TC

and TfN = Tc. With index matching materials used at the internal inter-
faces in the two couplers, typical values of the quality factors are

m, = .848 and me = .558. Using these approximations, the improvement
factor, Eq (125), reduces to

N-1
* Rpx _ 1.52["(ao'"TTcTc) ][ 1 ]"‘2 st
1D RPT N 1-(aomTTcTc) mTT'CTc

Figure 18 is a plct of the worst case power improvement ratio of Eq (126)
for the indicated parameter values taken from Tables I and II.

From Figure 18 the improvement factor for an 8 station bus when
mCTCTc = 0.452 and a, = 0.660 is about 15dB. Thus, the worst case
power ratio in the radial bus is 32 times (15dB) higher than the worst
case power ratio in the tapered in-line data bus. The tapered duplex
and radial duplex structures provide comparable and desirably low
values of dynamic range.

Comparing a tapered duplex bus to a radial duplex bus, the
dynamic range and total amount of fiber bundle are comparable. The
principle advantages of the radial systems are the worst case frac-
tional power ratio and ease of fabrication. The fabrication advantage
is considerable because the single radial coupler is much easier to
build than the N couplers of N/2 different designs required in the
tapered duplex bus. Also, the fiber optic bundles in the radial
system are all the same diameter whereas the tapered duplex bus
requires N/2 different fiber bundle diameters.

If reliability considerations dictate that the radial coupler
be located other than centrally, then the worst case power improvement
ratio given by Eq (125) must be modified by the ratio of maximum atten-
uation of the two data bus systems. For the 60 foot example discussed
in Section III.B., the maximum attenuation ratio is 8dB. In this case,

77




the improvement ratio is 7dB rather than the 15dB value given by
Figure 18. This result assumes that there are no problems with rout-
ing the fiber optic cables in the in-line tapered bus that would add
to its total attenuation.

For every performance factor considered in this comparison
e worst case detector power ratio,
e dynamic range,
quantity of fiber optic bundle,
ease of fabrication, and

battle damage immunity,

the radial data bus is equal or superior to the in-line data bus.
The only apparent disadvantage to the radial system is the difficulty

of adding stations after the system is built. In this regard, the
radial system is inferior to the uniform duplex configuration but
superior to a tapered duplex design. Stations can always be added
to the short arms on the radial system by replacing all or part of
the neutral density filter attenuation with a power divider
(modified T coupler) to split the available power between two or
more lines. In general, however, the addition of widely separated
or remote stations to a radial system will require a new radial
coupler.

" SSRAMBLER DESIGN

Passive couplers for both in-line and radial data buses
require the use of scramblers. Figure 15 shows a T coupler for
use in a uniform duplex bus (in-line) which requires two scramblers.
Figure 14 shows a radial coupler for use in a radial bus which
requires one scrambler. The purpose of a scrambler in a passive
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coupler is to accept light from a small number of fibers and
spread that light as uniformly as possible over the area of the
scrambler without altering the axial angular distribution of the
light. This function can be performed by an optically smooth
glass rod that is mirrored on the external surface but not on the
ends as shown in Figure 19. The optical function of a scrambler
is much the same as that of each fiber in a fiber optic bundle.

Fiber

Bundle —\

r—

Glass Rod — Mirror

Figure 19. Scrambler Rod

As in the case of the glass fiber, the mirror on the external
surface should be provided by total internal reflection. The
total internal reflection phenomenon produces a 100% reflective
mirror while a metal mirror reflects only 97-98% of the incident
light. Tthis 100% reflective mirror can be achieved by using a
high-index glass rod similar to the core glass of the fibers and
cladding it with a lower index material. An all-glass rod with
a high-index core and low-index cladding can be used for the
scrambler. However, it is difficult to obtain a clad glass rod
with adequate precision of the core diameter. It is usually
more expedient to use a low-index silicone or epoxy resin for the
cladding layer. This makes it possible to grind and polish the




glass rod to close mechanical tolerances and provide a good
optical quality finish on the external surface of the rod. The
plastic cladding layer can also serve as the mounting medium which
properly positions the scrambler rod and anchors it to the coupler
housing. Many useful plastic materials have greater optical
attenuation than glass. However, the length of a scrambler is

not more than a few inches and the resulting loss due to absorp-
tion in the cladding layer is negligible.

In order for the scrambler rod to support all of the rays
coupled into it, there must be an adequate change in index of
reiraction at the core/cladding interface. The limitinc numeri-

cal aperture, NPS, of the acceptance cone of a scrambler is

(127)

where n, is the index of the core, and

n, is the index of the cladding.

Numerical aperture is defined by
NA = nlsinel (128)

where 6; is the half angle of any ray measured in the outside
medium having an index of n;. When the external medium is air,
then n; = 1 and NAS specifies the maximum half angle of the launch
cone. Due to the form of Eq (128) and Snells law,! the value of
NA is the same inside and outside the scrambler

NA = n,sin6, = n2siné, (129)




In some data bus systems, tne NA, of the light input to the
scrambler will be known and Eq (127) can be used to determine
the minimum index difference in the scrambler. In many cases
it will be adequate to make the NAs of the scrambler equal to
the NA of the fiber bundle being used. This will insure that
the scrambler will support any ray that will propagate on the
fiber optic bundle.

The length and diameter of the scrambler rod are also
important parameters in the design and construction of passive
couplers. This is true for both radial and T couplers. The
scrambler should be long enough that light exiting any indi-
vidual fiber in the input bundle spreads out to fill the entire
bundle at the exit surface. Idecally, the scrambler should be
short enough that no ray reflects frow the clad surface more
than one time. Figure 20 shows a scrambler for a radial
coupler. In this case, the length, Ls’ is 2 times the physi-
cal length of the rod due to the mirror at the open end of the
scrambler. The dashed lines indicate the mirror image of the
radial coupler in the end mirror. For a T coupler, the physical
length of the scrambler rod is the full length, Ls‘ The
diameter of a scrambler must be equal to the diameter of the
composite fiber optic bundle used in the data bus. The mirror
over the flat end of the scrambler should ideally be a multi-
layer dielectric coating similar to that used cn laser mirrors.
Again, the dielectric mirror will produce a higher reflectivity
(~ 100%) than can be achieved with a metal mirror. Figure 19
shows optical outpu* from two typical fibers -- one at the
center and one at the edge of the composite bundle. The optimum
length is seen to be dependent on the NA$ of the light from the
optical fibers. From Figure 19 the bes:t scrambler length is
about :




-

Cladding - n,

!

Figure 20.

Scrambler Rod Operation
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The angle 6, should be selected such that

NA¢ = nzsine2

cos6, = (1-sin292)*

sing,
tan62 = _c0592 = ——-T(ng - NA;)

(133)

Substituting Eq (133) into Eq (130) gives the desired relationship
between Ls and DS in terms of the angular distribution of tne light
entering the scrambler.

For the equilibrium angular dis*tribution ~f long Galileo fiber
bundles (See Section IV B)
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Eq (134) becomes

Los 6.70 Dg (Galileo)
If Corning low loss fibers are used the typical parameters are

= 0.14
NA¢ 0.1

n = 1.5
and Eq (134) becomes

Lg =10.7 Ds_ (Corning)

A comparison of Eqs (137) and (139) shows the effects of NA¢ on
scrambler length. If Ds = 0.187 in the T coupler scrambler for
the Galileo fiber has a length of 1.25in whereas Ls for the Corn-
ing fiber is 2.0in. For radial couplers these lengths should be
halved.

Equacion (134) results from a very simple model of the
scrambler and for that reason should be considered only as an
approximate expression. In order for Eq (134) to give a useful
result, it is necessary to prope:ly interpret the value of NA¢.
Figure 20 implies that the half angle of the launch cone is
associated with the half power point of the radiation pattern.
This is not a valid assumption for all radiation patterns. A
more detailed analysis that includes the shape of the radiant
intensity distribution at the exit end of the fiber optic bundle
could give the optimum scrambler length for any given applica-

tion®
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Figure 20 and the preceding discussion represent the scram-
bler as having a circular cross section. A circular scrambler has
many advantages such as ease of fabrication, good mechanical toler-
ance, and ease of alignment. However, the circular scrambler
inherently gives nonuniform power distribution at the exit face
because of <kew rays that can not be shown in the axial plane
representation shown in Figure 20. Both skew rays and meridional
rays are shown in Figure 21 along with photographs showing the
uniformity of power distribution over the end of a cylindrical
scrambler rod. The light from the on-axis fiber shown in the upper
part of Figure 21 is uniformly distributed because all rays are
meridional. Off-axis light introduced at the edge of the scrambler
is not uniformly distributed because many of the rays make a small
angle with the clad surface. These small angle rays (skew rays)
describe a helical trajectory made up of many reflections that keep
the ray always close to the outside surface of the scrambler. Some
of the off-axis light is spread over the end of the scrambler; however,
most of it stays near the edge. Thus, a scrambler with circular
cross section tends to give nonuniform power distribution with the
highest power density at the edge of the scrambler and the lowest
power density in the center. Even with the noted deficiencies in
the model, Eq (134) gives a good approximation for the best scrambler
length.

In a radial coupler, uniform power distribution can be
achieved by uniformly distributing the fibers from the various
radial arms over the entire area of the composite bundle. Another
approach uses a hollow glass tube for the scrambler!?® so that all
fibers are near the edge of the scrambler. Reference 2 proposes
the use of rectangular scramblers as shown in Figure 22. The four
orthogonal faces of the rectangular rod act as plane mirrars very
much 1ike a child's kaleidoscope. Each point on the exit end of-
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the scrambler sees the input fiber and 8 virtual images (reflections)
for all positions of the input fiber. Figure 22 shows a centraily
located input fiber and its reflections or the left and an off-
center input fiber and its reflections on the right. Light from

each input fiber is distributed uniformly over the exit face of the
scrambler.

Equation (134) gives a good length for a rectangular scrambler
rod if DS is interpreted as the diagonal of the rectangular cross
section; again, NA¢ must be properly interpreted to achieve the best
result.

The key parameters of the fiber optic bundle which have the

greatest impact on the design of passive couplers are the NA¢ and

bundle diameter. The effect of these two parameters on the required
length of the scrambler rod is shown in Eqs (137) and (139). There
are various types of fiber optic bundles that are commercially avail-
able or will be available before the end of 1975. The characteristics
of several of these fiber optic bundles are shown in Table III. In
order for a scrambler rod to give the saine performance wnether the
light reaching it has traversed a long fiber bundle or a4 snort fiber
hundle, the NA¢ must be the same in all parts of the data bus. For
Galileo fiber optic bundles, Section IV B shows that both the angular
transfer characteristic and the exit end radiation pattern (NA¢)
change as a function of length. This effect is produced by scatter-
ing and mode mixing in the fibers. Due to the large amount of
scattering in the Galileo fiber, the equilibrium value of NA¢ = 0.24
is reached in about 150ft. Therefore, the use of Galileo fiber in a
100ft data bus requires that the scrambler rods and LEDs both have
radiation patterns characterized by NA¢ = 0.24. This is the NA¢

of the SPX 1527 LED coupled to the Galileo fiber optic bundle with

a lens as shown in Section IV.F.

The Pilkington fiber and plastic clad-fused silica fiber both
have attenuation of less than 100dB/km and most of the attenuation




at 900nm wavelength is due to absorption in the core glass. Thus,
these fiber types have very weak scattering; and at a length of 100ft
are expected to preserve the NA¢ of the LED at the exit end of the
fiber. The scrambler rods to be used with these two types of fiber
optic bundle should be designed for the NA¢ of the LED. The SPX 1775
is an edge emitter LED developed for the Naval Avionics Facility at
Indianapolis under contract NO0163-73-C-0544. This LED is designed
to couple directly to small diameter fiber optic bundles without a
lens and has a numeric aperture of NA¢ = 0.21.

The Corning fiber also has very weak scattering; at 100ft
length, it is expected to preserve the launch angles at the exit end
of the fiber. In this case, the fiber bundle has a lower value of
NA than any available LED. Therefore, a data bus built with Corning
low-loss fiber optic bundles will require scrambler rods designed for

NA¢ = 0.14 regardless of what LED is used.

As shown in Appendix V the plastic clad-fused silica core
fibers have the best radiation resistance of any available fiber
optic bundles. The maximum operating temperature for the plastic
clad-fused silica fibers will be greater than 125°C. The limited
data available suggests that these plastic clad-fused silica fiber
bundles will be the dominant type of fiber optic bundle used in
optoelectronic data transmission and data bus applications for
lengths up to 300ft. Bell Northern Research of Ottawa Canada and
a number of other companies are developing low-loss, graded index
single fibers for long distance optical transmission (>1.0km);
because of the intended application, these graded index fibers are
usually not available in bundles. These fibers have NA = 0.25 but
the grading of the index in the core provides a self focusing action
that dramatically reduces the pulse spreading and increases the band-
width. It is expected that in the future bundles of 19 or more
graded index fibers will find application in high-speed data buses
(>100Mbit/s).
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The requirement for constant NA¢ in aTl parts of a system is

peculiar to a data bus and is necessary to insure that all scramblers
give the same performance. In point-to-point data transmission, the
launch cone should have the smallest possible value of NA¢ because

small angle rays have lower pulse spreading and attenuation than wide
angle rays. The transmission characteristic of Galileo fiber optic
bundles as a function of launch angle and bundle length is shown in
Section IV.F.

D e e T
® v 4



SECTION IV
OPTOELECTRONIC COMPONENTS

This section presents the results of evaluation of various
optoelectronic components including

photodiodes

avalanche photodiodes
LEDs

fiber optic bundles

Two discrete component preamps of the type described in Section II.C
were constructed for use in testing the above components. Evalua-
tion of these preamps is presented; their performance is compared

to a commercially available hybrid preamp. The LED evaluation
includes the use of the speed-up techniques described in Section II.G.

PREAMP PERFORMANCE

Figure 23 shows the schematic of a high-frequency preamp con-
structed on this program for use in component testing. The first
stage of this amplifier uses the basic design philosophy presented
in Section II.C; the second stage is an emitter-coupled driver
amplifier to interface the preamp to an oscilloscope. Considerable
difficulty was encountered in the design and construction of this
circuit. This difficulty was primarily brought about by the high
input capacitance of the Tektronic oscilloscope (20-25pF). All
attempts at driving the oscilloscope with an emitter follower re-
sulted in oscillations at frequencies between 100MHz and 2GHz. This
high-frequency instability problem was finally overcome by use of
the non-inverting emitter-coupled driver stage shown in Figure 23.

This scope drive has a voltage gain of one and a bandwidth of about
300MHz (tr = 1.2ns, 10-90%).
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The preamp portion of Figure 23 uses Motorola MMT 809
transistors. Thuse pnp transistors have fT=2.SGHz at IE=1.0mA
and VCE=1.0V. While it is difficult to tell from the data sheet,
the MMT 809, being a pnp device, should have a lower value of rs
than the MMT 807 transistor (npn) that is used in other versions
of the preamp. The preamp alone has a 3dB bandwidth of about
175MHz (tr = 2ns, 10-90%).

When biased at 90V the SPX 1615 photodiode used with the
preamp has a 10-90% rise time of about 1.0ns (see Section IV.E)
and the Tektronix 454 oscilloscope used with the amplifier has
a specified cutoff frequency of 150"{z or greater (tr < 2.4ns,
10-90%). Measurements made with this photodiode/preamp/postamp/
oscilloscope combination give a composite rise time (10-90%)
of 3ns which corresponds to a cutoff frequency of about 117MHz.
Since this amplifier has been used primarily for speed of
response testing, no direct measurement of the equivalent input
noise was made. However, the noise level observed on the oscil-
loscope trace is consistent with the value calculated for this
specific circuit; 1,7 = 0.1uA, e, = 300uV.

If the oscilloscope is removed from the circuit, the re-
sulting combination of photodiode/preamp/postamp should have a
rise time of about 2.8ns and a 3dB bandwidth of 125MHz. From
Eq (5), the circuit of Figure 23 is an adequate receiver for
data rates up to 218M bit/s.

Figure 24 shows another discrete component preamp that
was constructed and evaluated to offer a direct comparison to
the TI1XL151 hybrid preamp. This amplifier uses npn MMT 807
transistors in the preamp and pnp MMT 809 transistors in the
postamp. Yhen driving the Tektronix 454 oscilloscope input,
the 3dB bandwidth is 61MHz with no peaking observed at any
frequency. The measured transimpedance for this circuit is
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16.8kQ at 4MHz for an output voltage swing of 80mV (peak to peak).
Noise measurements were made on this amplifier with the oscillo-
scope using the tangential noise measurement technique!*. This |
measurement technique uses an oscilloscope to determine the rms
value of the noise by displaying the noise on both dual trace inputs
of the oscilloscope. The two noise traces are separated and then
brought together until the dark band disappears between the two
traces. Thc separation of the base lines of the two traces under
these conditions is equal to two times the rms value of the noise.
This tangential noise measurement was implemented by inserting a
Hewlett-Packard 11549A power divider and a Hewlett-Packard 451A
amplifier between the preamp and the two oscilloscope inputs. This
power divider is a broad band resistive device that attenuates the

i input signal power by 3dB and then splits it equally between the

two output ports. The voltage at each output port is therefore
one-half of the voltage at the input port. When this power divider
is used, the factor of two voltage attenuation ccmpensates for the

2 x rms factor in the tangential noise measurement with the result
that the trace separation is equal to the rms value of the noise

at the input of the power dividcr. The tangential noise mecsure-
ment technique is ideally suited to amplifier and detector compari-
sons of this type because it allows the bandwidth, rise time, and
nrise to be measured under the same conditions. Pny bandwidth
limitations of the oscilloscope are included equally in all
measurements.

S

e

When the HP 461A amplivier and HP 11549A power divider are
inserted in the receiver system the 3dB bandwidth drops from
61MHz to 54MHz. Tne transient response of the combined system is
well behaved. The tangential noise measurement gives an rms - vutput
2 noise voltage of : ‘

ey, = 400uV (140)
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This value is 20% less than the value of 480uV calculated from
Eq (33) for fe = 54MHz. Discrepancy of this magnitude is expect-
ed because twe complete amplifier chain including the oscilloscope
' used in this test is not the two pole network assumed in the
‘ derivation of Eq (33). The transimpedance ot 16.8k2 used with
5 Eq (140) gives an equivalent input noise current of

i o =23.8nA (141)
This value of equivalent input noise current compares favorably
to the value of 27.7nA calculated from Eq (20).

The TIXL151 is a shunt feedback hybrid preamp manufactured
by Texas Instruments, Incorporated. The amplifier is packaged in
! a T0-5 header and operates from a single power supply voltade.
! For best operation, the photodiode should be biased from a negative
supply with the cathode of the photodiode connected to the preamp
input. This causes the preamp output voltage to move in a positive
sense for increasing light on the photodiode. The TIXL151 driving
the Tektror. . 454 oscilloscope (500 termination) gave a 3dB band-
width of 61.5MHz. However, when the HP 461A amplifier and HP 11549A
power divider are inserted intu the system the 3dB bancwidth drops
to 49MHz. For pulse operation, this amplifier/oscilloscope combina-
tion shows a 10% overshoot at the beginning and end of the pulse.
The transimpedance of the TIXL151was measured to be 4.68kQ at
4.0MHz for an output voltage swing of 80mV; this is 3.6 times less
than the 16.8kQ measured for the circuit of Figure 24. The tangen-
tial noise measurement on the T1XL151 gives an output noise voltage
of

& ” 140uV (142)
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This is considerably below the value predicted by Eq (33) because
of the low transimpedance. Using the transimpedance of 4.68k
with Eq (142) gives an input noise current of

= 30nA

1nT

This is 26% higher than the 23.8nA measured for the circuit of
Figure 24 and 21% higher than the value calculated from Eq (20)
for f, = 49MHz. Referred to the optical side of the photodiode,
the TIXL151 gives about a 1.0dB degradation in S/N compared to the
discrete component circuit of Figure 24.

Based on the ~£1MHz measured bandwidth, Eq (5) gives a
data rate of 106M bit/s for the TIXL151 and the circuit of Fig-
ure 24. The TIXL151 is a good product for use in fiber optic data
transmission. The major limitations of the TI1XL151 preamp are
its Tow transimpedance and limited flexibility. Because it is a
hybrid circuit, the design is fixed and, theretore, is optimum
for only one bandwidth. The bandwidth can be reduced with
external -omponents but the bias current can not be optimized to
produce minimum noise.

Figure 25 is a plot of Eq (20) which is the expected rms
noise current for shunt feedback preamps as a function of the
3dB bandwidtn, fo The figure also shows the measured input
noise current for the amplifier of Figure 24 and the TIXL15]
The point at 8.6MHz is the measured performance of the preamp
used in the Ten-Channel Data Bus Demonstrator®. The noise in
this amplifier is 20% higher than the expected value. This
excess noise is the result of the extra components used in the
compression circuitry to increase the dynamic range.
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TEST ADAPTERS

Test adapters have been designed and constructed for use
with high-speed photodiodes and edge emitting LEDs. These test
adapters are made from standard BNC connectors to ensure compati-
bility with existing test equipment. Specification drawings for
the LED adapter, SPX 1629, and photodiode adapter, SPX 1631 are
shown in Appendix IV.

The SPX 1629 LED adapter is designed to accept the stud
mounted edge emitting LED (SPX 1527) used in the Ten-Channel Data
Bus Demonstrator® developed for the Air Force. It provides a
good heat sink for the LED while adding only 23pF in parallel with
the junction. This unit has a 500 resistor in series between the
BNC connector and the cathode of the LED. The LED anode is
grounded; thus, the BNC center conductor must be driven with a
negative voltage to forward bias the LED. The 50Q resistor
serves as a termination for a standard laboratory pulse generator
and a current limiting resistor for the LED. A voltage pulse of
-12V will result in an LED forward current of about 200mA. The
LED adapter is supplied with a removable plastic insert designed
to hold a fiber optic bundle terminated with the SPX 15252 fiber
optic lens.

The SPX 1631 photodiode adapter is designed to accept the
SPX 1615 p-i-n photodiode, the SD5425" photudiode or any other
photodiode in a T0-46 header. This unit has a 1000Q decoupling
resistor and a 0.1uF bypass capacitor on the orange high-voltage
lead which projects from the side of the connector. The black
and white lead is ground. The orange wire can be biased to
+90V(dc); for use with the SPX 1615 or SD5425 a positive (+)
bias should be applied to the orange wire. This unit has a 1000
load resistor between the BNC center pin and ground. The adapter




with 90V reverse bias on an SPX 1615 or SD5425 contributes a shunt
capacitance at the output of 11.6pF. Attached to a Tektronix 454
oscilloscope with an input capacitance of 20pF. the 10-90% rise
time of the adapter is about 7.0ns--the 3dB bandwidth is 50MHz.
The photodiode adapter is also supplied with a removable plastic
insert designed to hold a fiber optic bundle terminated with the
SPX 1525% fiber ontic lens.

Appendix IV also shows the specification drawing for the
SPX 1633 fiber optic bundle. This fiber bundle is terminated on
each end with the SPX 1523 ferrule and the SPX 1525° fiber optic
lens. The SPX 1633 is compatible with the SPX 1629 LED adapter and
the SPX 1631 photodiode adapter. The SPX 1633 uses Galileo 46mil
diameter fiber optic bundle and can be made up in any desired
length. Most of the component testing performed on this contract
used a four foot long SPX 1633. Some of the uses of these units
are listed below:

o The LED adapter with the 4 foot fiber optic bundle and

a SPX 1527 LED can be driven from a pulse generator to

provide a flexible high-speed 1ight source for use in

testing detectors and optoelectronic receivers.

The photodiode adapter with the 4 foot fiber optic bundle
and a SPX 1615 photodiode can be connected to the input
of an oscilloscope to provide a flexible high-speed
photodetector probe for use in evaluating LEDs and opto-
electronic transmitters.

When the two adapters with appropriate LED and detector
are coupled to each other through the 4 foot fiber a
simple data link is formed that is useful in observing
the effect of input current waveform and drive frequency
on the received signal current.
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® Since the LED and photodiode are easily removed and
replaced, both adapters may be used as standard test
sockets for evaluating large numbers of LEDs and photo-
diodes under standard test conditions.

When the SPX 1631 is used with the Tektronix 454 oscillo-
scope, the low signal level normally makes it necessary to use
the 5mV/cm sensitivity range. At this sensitivity the 3dB band-
width of the oscilloscope is 65MHz. This combines with the 50MHz
cutoff of the adapter to give a 36MHz cutoff frequency for the
photodiode adapter/oscilloscope combination. The corresponding
10-90% rise time is 9ns.

A ficture was also developed for measuring the modulation
transfer of LEDs. A schematic of this circuit is shown in
Figure 26. This fixture provides for independent ac and dc bias
in the LED so that different modulation depths can be investigated.
The test point makes it possible to measure series resistance and
series inductance on LEDs. The fixture has a BNC connector to
interface with a sine wave signal generator and a plastic insert
designed to hold a fiber optic bundle terminated with the SPX 1525
fiber optic lens.

500 Test
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Figure 26, LED Modulation Transfer Fixture
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An LED pulse fixture was constructed to measure the effect
of the speed-up technique discussed in Section II1.G. This fixture
also uses a BNC connector to interface with a pulse generator and
a plastic insert to position and hold the fiber optic lens. A
terminal is provided to pre-bias the LED to about 1.0V forward
bias so that more efficient use can be made of the pulse generator
output swing. Figure 27 shows two different versions of the over-
drive circuit. Referring to Figure 12, all or part of the resistor
Rb is provided by the 50Q output impedaice of the pulse generator.
The value of Ca for a particular LED is determined by using the
appropriate selection rule; the selection rule for the 2/1 over-
drive circuit is given in Eq (84). The 2/1 overdrive circuit should
reduce the LED rise time by a factor of about 4; the 4/1 overdrive
circuit should reduce the rise time by a factor of 16.

LED DRIVER

Figure 28 shows the schematic of a broad-band LED diiver
circuit developed and evaluated on this program. The circuit was
designed to accommodate both analog and pulse modulation. Current
feedback is used in the emitters of Q-1 and Q-2 to achieve good
linearity. The non-inverting emitter-coupled pair (Q-1 and Q-2)
eliminates Miller-effect capacitance at the input and output
and gives good response at high frequency. The transistor Q-3
insures a constant current load on the power supply during the
complete modulation cycle. The current through Q-3 is seiected so
that, in normal operation, neither Q-1 or Q-2 will be driven into
the saturation region. Under large signal conditions, the driver
limits by turning off either Q-1 or Q-2. This is similar to the
circuit and operation of ECL integrated circuits. Since saturation
is avoided the delay time associated with recovery from saturation
is eliminated.
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The LED is driven in the collector of Q-2 with a 2/1 over-
drive similar to Figures 12 and 27. The impedance level has
been lowered to 220 to decrease the total power dissipation of the
circuit.

The collector current of Q-1 provides bias for the SE 3450 GaAs
diode. The forward voltuge of this large area GaAs diode provides
the dc reference bias for the LED. This is the basic circuit
arrangement shown in Figure 12; in Figure 27 this dc reference
bias was provided with an external 1.0V power supply. Providing
the reference bias with the SE 3450 eliminates the 1.0V power
supply and makes it possible to ground the anode of the LED. In this
configuration the cathode lead of the LED can be completely surrounded
by a metal ground plane to give optimum EMI shielding.

For the component values shown in Figure 28, the current
in Q-3 is 400mA. With no ac input, this current divides equally
between Q-1 and Q-2 so that the average collector current of Q-2 is
200mA. The dc collector current of Q-2 divides equally between the
two 220 resistors to provide a 100mA dc bias to the LED. When a
sinusoidal signal is applied to the base of Q-1, the LED current
swings symmetrically about the 100mA dc bias level. For 100% modu-
lation at low frequency where the speed-up capacitor has no effect,
the LED current swings +100mA about the dc level and, therefore,
covers the peak-to-peak range O to 200mA. At high frequency where
the speed-up capacitor has full effect, the LED current swings
+200mA about the dc level and, therefore covers the peak-to-peak
range -100mA to +300mA. This high-frequency overdrive compensates
the LED cut-off and extends the 0.707 frequency of the light output
by a factor of about 4.

The speed-up network is also effective for large signai

square wave inputs. When Q-2 turns "on" suddenly, the entire
400mA current of Q-3 is momentarily coupled to the LED through the
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speed-up capacitor. As time continues, the speed-up capacitor
charges up and the LED current decays exponentially to 200mA.
When Q-2 turns "off", the charge stored in the speed-up capacitor
momentarily reverses the LED current to a value of -200mA.

, As time continues, this reverse current decays exponentially to

zero. The overdrive current of the turn-on transient stores

i the minority carrier charge needed in the LED to get the 1ight ]
output up to the steady state value more rapidly. The reverse

' current of the turn-off transient extracts the stored minority .
carrier charge from the LED and causes the light output to fall

‘ to zero more rapidly.

Rl o S ki

. | The MPQ 3303 is a dual in-line package containing four
3 core driver transistors. The specified minimum fT of these
transistors is 400MHz. However, the 3dB bandwidth of the circuit |
in Figure 25 will be limited by the input capacitance of Q-1. |

The two 100Q resistors at the base of Q-1 appear in parallel at

the input terminal and provide a 50Q input resistance. When ,
the input ic driven from a 500 source the total resistance at l
the input is 25Q. The expected 4ZpF of input capacitance at

the base of Q-1 will give a 3dB frequency of about 150Miiz.

g Thus, the circuit should be able to provide a current at the

collector of Q-2 with a 10-90% rise time of about 2.3ns. Wider

bandwidth in this circuit will require a buffer stage with low

output impedance to drive the base of Q-1.

Evaluation of the circuit of Figure 28 showed that the }

bandwidth was less than anticipated due to the presence of a i

¢ . significant series inductance in the emitter leads of the MPQ 3303. i
i

f

4
i
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Tests were performed using an LED with an uncompensated 3dB band-
width of 40MHz. An optical modulation bandwidth of abcut 110MHz
was expected with that LED; however, the best that could be
achieved was 65MHz. Thus, the circuit shown in Figure 28 is
capable of providing an optical rise time of about 5.4ns.

The emitter lead inductance problem can be solved by using
four or more lower power transistors in parallel for Q-1 and Q-2.
This will split up the total current load and effectively reduce
the emitter series inductance by the number of transistors connect-
ed in parallel. It is also possible that some of the microwave
transistor strip line packages have sufficiently low inductance
to operate satisfactorily without having to parallel transistors.

An optoelectronic data 1ink using the LED driver of
Figure 28 and the preamp of Figure 24 would give a 0.707 bandwidth
of about 44MHz for analog signals. For Manchester coded digital
signals, Cq (5) gives a data rate of 77M bit/s. The other per-
formance factors of such a system can be predicted by assuming a
set of typical component parameters and applying the suboptimum
detection scheme analysis presented in Section II.D. For an
SPX 1527 edge emitting LED with a 4mW output power at 200mA and
an SPX 1615 photodiode with a responsivity of 0.5A/W the maximum
allowable optical attenuation for a 10-® bit error rate at 77Mbit/s
is

o, = 2.08 x 10-* (-36.8dB) (144)

Using 500dB/km Galileo fiber optic bundle and assuming a total 9dB
interface 1css® at the LLD and detector, this data 1ink 1i11 have
a maximum length of 55.6m (182ft).




Present diffused junction LEDs can be operated at high
data rates using spced-up networks--see Section IV.D for measured
data. However, supplying the overdrive current required to
achieve this high-speed opcration makes the LED driver complex and
inefficient. The results obtained working with the circuit of
Figure 28 suggest that a successful wide-band LEU driver will
require a buffer amplifier and four or more parallel transistors
for Q-1 and Q-2. This leads to the conclusion that each LED
driver will be of comparable complexity to the outout stage of
a commercial laboratory pulse generator designed to operate at
the same frequency.

Further development effort on LEDs to increase the basic
speed of response and power output will result in considerable
saving of size, weight, complexity and power consumption of the
LED driver.

LED EVALUATION AND COMPARISON

A comparison of various LED structures and their utility
in fiber optic data transmission systems was presented in Ref 1.
The conclusion of this comparison was that the shaped LEDs such
as the hemispherical uome and cylindrical edge emitter geometries
offered the most promise for coupling to fiber optic bundles. It
was further concluded that the edge emitter geometry was superior
to the dome geometry in terms of manufacturability and mechanical
tolerance control. Thus, even though the dome structure has a
theoretical performance advantage over the edge emitter, the
measured performance of the two structures should be comparable

In order to check these conclusions, compariscn tests were
made of the SPX 1527 edge emitter LED made by Spectronics, Inc.
and the TIL 09 and SL 1314 dome LEDs made by Texas Instruments.
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Both LEDs are mounted in reflector packages with 0.080in diameter
reflector apertures; both LEDs use 0.018in diameter GaAs wafers i
with planar diffused p-n junctions. Because of the similarity

i of the two LEDs, the comparison can be made on a one-to-one basis
with very little normalization or extrapolation required.

-‘ The three LED types were compared for coupiing to fiber
optic bundles using the LED/fiber optic interface developed for
the Ten-Channel Data Bus Demonstrator®. The critical parameter in
this case is the power into a 10° cone. The results of this test
are shown in Table IV. The two SPX 1527 LEDs are known to come
from different lots which used significantly different starting
material. No fabrication history is available for the TI devices.
Microscopic examination s:ows that the SL 1314 LEDs have epoxy
filled reflectors while the TIL 09 units contain no epoxy and are

Table IV. LED Output at 50mA

Unit Total Output Output Into Percent
10° Cone 10° Cone
SPX 1527-59 .774mW AR 40.2%
-DB .757mW . 280mW 37.0%
SL 1314-1 .963mW .138mW 14.3% ¥
-2 2.098mW . 220mW 10.5%
-3 1.428m!! . 186mW 13.0%
-4 .998iaW . 193mW 19.3%
-5 1. 170mW .172mW 14.7%
=6 2.270mW .267mW 11.8%
-7 2.012mW .296mW 14.7%
-8 2.253mW . 289mW 12.8%
-9 1.634mW . 210mW 12.9%
-10 1.152mW . 163mW 14.1%
TIL 09 -1 .602mW .181mW 30.1%
-12 .602mW .172mH 28.6%
-13 .671mW . 169mW 25.2%
-14 .688mW .163mW 23.7%
-15 . 722mW .212mH 29.4%
-16 . 722mH . 198mW 27.4%
17 .688mW .205mW 29.8%
-18 .636mW . 158mW 24.8%
-19 .654mW . 169mW 25.8%
-20 . 929m .263mW 28.3%

m
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sealed with a flat glass window. For equal values of internal ‘
| quantum efficiency the epoxy filled SL 1314 should have 1.3 times
more output than the glass window TIL 09 and 2.3 times more output ‘
than the SPX 1527. For the data shown in Tabie IV, the average
] SL 1314 output is 2.3 times more than the average TIL 09 output
and 2.1 times more than the average SPX 1527 output. Thus, it 1
E appears that the SPX 1527 LEDs have the highest internal quantum
afficiency of the three groups. In orler to compare the potential i
performeance of the three types of LEDS the SL 1314 output power i
values should be multiplied by 1.095 and the TIL 09 output power i
values should be multiplied by 1.937. These adjusted average I
output values are shown in Table V. The two SPX 1527 LEDs used
in this comparison are typical units that have only about 44% of
the output power of the 10 selected SPX 1527 LEDs used in the Ten-
Channel Data Bus Demonstrator?®.
L

b Table V. Adjusted Average LED Output at 50mA

Unit Total Output Percent
Qutput 10° Cone 10° Cone
SPX 1527 . .766mW .296mW 38.6% :
) SL 1314 1.750mW .233mW 13.3% l
K TIL 09 1.338mW .336mi 27.4% :

The LED/fiber optic interface developed for the Optoelec-
tronic Data Bus Demonstrator has a launch cone numerical aperture
of 0.24. With a fiber optic bundle diameter of 45mils the product
of NA and diameter is

NA X diameter = 10.8mils (145)

Referring to Figure 13 of Report No. AFAL-TR-73-164!, at
o 10.8mils the TIL 09 type dome should put 36.4% more 1ight on the
fiber optic bundle than the SPX 1527. From the adjusted average




data in Table V. the TIL 09 is only 13.5% better than the SPX 1527
and the epoxy filled SL 1314 is 21.3% worse than the SPX 1527.
Thus, even though all three types of LEDs have performance con-
siderably less than theoretical limit, the SPX 1527 comes closer
to its idealized performance than the two dome LEDs.

The Spectronics Model 170 Radiation Pattern Plotter was
used to plot the angular distribution of the light output from
representative LEDs. These far field radiation patterns were
measured using the test set up shown in Fiqure 29. An SPX 1615
photodiode is used in the moving arm on the radiation pattern
plotter. This detector has an aperture of 0.140in. When the de-
tector is pocitioned on the moving arm at 4.0in radius the angular
resolution is 2° or a half angle of 1°. The far field radiation
patterns of three LEDs are shown in Figures 30, 31 and 32; the
angular resolution of the detector is indicated in each of the
figures. A far field radiation pattern plot is a graph of radiant
intensity, I, (W/str), as a function of angle from the axis of the
device under test. The two plots in each figure were taken before
and after a 90° rotation of the LED a2bout its axis. As expected,
the dome LEDs have wider beam angles than the edge emitter. The
gain was adjusted for each plot so that the peak radiant intensity
reached full scale on the plot.

The radiation pattern plot only gives infor..uation about the
angular distribution, NA¢, of the light emitted by the LED. It
tells nothing about the shape of the light emitting area. Spot
scans of edge emitter and dome LEDs at the aperture of the reflector
show that both devices have an effective light emitting area shaped
like a donut. In the case of the dome LEDs there is also a bright
spot in the center of the hole in the donut due to direct illumina-
tion from the top of the dome.
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The test set up shown in Figure 33 was used to measure the
rise and fall times of representative L.EDs of each type. The results
of this test are shown in Tadle VI. The measurements used a pulse
current of about 200mA delivered through the 502 resistor in the
SPX 1629 LED adapter; both the rise time, t¢r’ and the fall time,
t¢f, are 10-90% values. The rise times are consistently longer than
the fall times because of the presence of differential heating®
observed in both the dome and edge emitter structures. Also, the ab-
sence of pre-bias in the SPX 1629 LED adapter gives a small amount

of speed-up of the fall time. The measured fall time more accurately
represents the true speed of the LED.

e, T e

- g — S ———— [ R, "

S ——— .

The term differential heating refers to the transient tempera-
ture difference between the LED junction and other parts of the GaAs |
wafer. When forward bias current is applied to an LED constructed '
like an edge emitter or a dome, most of the applied power is con-
verted to heat in the region of the Junction. This causes the junction
temperature to rise with respect to the remainder of the GaAs wafer.
As the junction temperature risgs the internal emission peak shifts
E to Tonger wavelength at about 3A/°C. Since the temperature of the
material between the junction and the exit surface does not rise, its
l absorption edge does not shift with the internal emission peak. The
net effect is a transient reduction in absorption which causes the
light output to rise slowly during the current pulse.

——— = ——

SPX 1527-59 is from the same lot of devices as the LEDs used
in the Ten-Channel Data Bus Demonstrator® and has the same rise and
fall times as those LEDs. Note that TIL 09-18 has a comparably slow
response. SPX 1527-DB is an LED from a lot of devices made using
more heavily doped GaAs. The measured response of this device is
the same as TIL 09-17 which is the fastest of the TI units. For
these fast units the measured rise and fall times are significantly

& ] 119
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in error due to the basic 9ns rise time of the measurement equip-
ment described in Section IV.B. The estimated fall times for the
LEDs shown in the fourth column of Table VI is obtained from the
approximation

t¢f(est.) = (t;f - tf")‘/2 (146)

where tn is the 10-90% rise time of the measurement set up.
Whatever the actual rise times and fall times are, the data in
Table VI show that the Spectronics and Tl LEDs cover the same
range of values.

Table VI. LED Rise Time and Fall Time

Unit No. t¢r t¢f t¢f(est.) t¢(w)
SPX 1527-59 20.0ns 17.0ns 14.4ns 15.2ns
-DB 11.5ns 10.0ns 4.4ns 4.4ns
SL 1314-2 13.0ns 10.5ns 5.4ns -
-6 14.5ns 11.5ns 7.2ns -
-7 13.0ns 11.0ns 6.3ns -
-8 15.0ns 12.0ns 7.9ns 7.6ns
TIL 09-11 12.0ns 10.0ns 4.4ns -
-14 12.0ns 10.5ns 7.2ns -
=17 11.5ns 10.0ns 4.4ns 4.4ns
-18 22.0ns 19.0ns 16.7ns -

The SPX 1631 photodiode adapter in Figure 33 was replaced
with the high-frequency preamp/scope driver shown in Figure 23
and this set up was used to measure the rise and fall times of the
two SPX 1527 LEDs. Table VII shows the response times measured with
this test set up; these values have been corrected for the 3.0ns
rise time of the receiver system, These values are more accurate
than those in Table VI because of the smaller correction required
for the measuring system.
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Table VII. SPX 1527 Response Time (10-90%)

Unit No. t@r t¢f
SPX 1527-59 17.7ns 12.6ns
SPX 1527-DB 5.2ns 5.2ns

The basic test setup of Figure 33 was further modified by
replacing the SPX 1629 LED adapter with the speed-up fixture shown
in Figure 27, The response times of the two SPX 1527 LEDs were
measured using this set up. The 2/1 overdrive network shown in
Figure 27 with a 47pF capacitor was used with SPX 1527-DB. The
4/1 overdrive network with a 100pF capacitor was used with
SPX 1527-59. Figure 34 shows the measured response of the two
LEDs with their respective speed up networks. These curves were
traced directly from polaroid photographs of the oscilloscope
display. Correcting for the 3.0ns rise time of thc receiver,
unit-DB has a rise time of 1.1ns and unit-53 has a rise time of
1.6ns. This is in reasonably good agreement with the predicted
improvement; Unit-59 improved by only a factor of 11 rather than
the predicted factor of 16 and Unit-DB improved by a factor 4.7
rather than the predicted factor of 4.0. When the pulse is
lengthened on unit-59 the tilt observed in Figure 34 develops
into an undershoot followed by a slow rise back up to the initial
peak value. No value of capacitance could be found which did not
give a significant overshoot or undershoot in the 4/1 overdrive
network. The 2/1 overdrive network on unit-DB is well behaved
et all pulse widths.

The studies of LED drive techniques performed on the Ten-
Channel Data Bus Demonstrator? seemed to indicate the presence
of a mechanism in the LED that made it impossible to speed up
the optical fall time of the 1ight output. Figure 34 shows that
the speed-up networks shown in Figure 27 improve the fall time
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Figure 34, LED Response Time with
Speed-Up Network
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almost as much as the rise time. This result shows that the problem
encountered on the previous contract was associated with the drive
circuits and not the LEDs. Perhaps the most significant result
related to Figure 34 is the clear demonstration of high-speed data
transmission using both fast and slow LEDs. Correcting for the
response time of the oscilloscope, it is clear that both the LED/
speed-up network shown in Figure 27 and the high-frequency photo-
diode/preamp shown in Figure 23 are adequate for data rates in
excess of 200M bit/s.

The steady state frequency response or modulation transfer
function was measured for the Spectronics and TI LEDs. The test
set up for these measurements is shown in Figure 35; the LED is
driven with the test fixture shown in Figure 26.

Figure 36 shows the modulation transfer function of SPX 1527-59;
this curve was run at a current modulation depth of 75%. The raw
data have been corrected for the measured frequency response of the
test equipment. The observed 20% droop in optical modulation depth
between 0.1MHz and SMHz is the result of differential heating in the
LED and the slow tail response of the SD5425 detector. The H-? 606A
signal generator has a top frequency of 65MHz. However, the corner
frequency of unit-59 is such that the slope of the high-frequency
asymptote is clearly demonstrated. This basic characteristic which
falls off as f'* at high-frequency is the expected response from
any p-n junction which operates on the diffusion of minority
carriers. An expression for this modulation transfer function is
given in Eq (73); the 0.707 frequency, f¢, is given by Eq (74) and
the 10-90% rise time, t¢, by Eq (75). Using Ea (74) the rise time
of unii-DB from Figure 36 is

t¢(w) = 15.2ns (147)
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This value is recorded in the last column of Table VI for compari-
son; the value 15.2ns is between the values of rise time (17.7ns)
and fall time (12.6ns) shown for unit-59 in Tabl. VII,

Figures 37, 38 and 39 show the modulation transfer functions
for SPX 1527-DB, SL 1314-8, and TIL 09-7 respectively. All of these
units show the 20% droop between 0.1MHz and 5MHz. The high-
frequency asymptotes have been drawn in with the f'i slope observed
in Figure 36. The 0.707 frequency is marked with a square in each
figure and the corresponding value of t¢(w) recorded in Table VI
for-reference. As expected, the modulation transfer functions of
the two fast LEDs (SPX 1527-DB and TIL 09-17) are almost identical.

The high-frequency overdrive characteristic of the two edge
emitter LEDs was also checked using the test set up shown in Figure 35.
The maximum voltage output of the H-P 606A oscillator is 3.16V (rms)
or 4.47V (peak). Thus, with a 50Q drive resistor, the maximum peak

modulation current that can be supplied is 89wA. In order to achieve
current overdrive on the LED i1t is, therefore, necessary to reduce

the dc bias to a value less than 89mA. SPX 1527 units 59 and DB

were both tesied to see if overdrive current at high frequency could
maintain a constant depth of modulation in the optical signal.

Both units were operated at a constant optical modulation depth

(~100%) from 50kHz to 65MHz by adjusting the peak modulation current
with frequency. SPX 1527-59 was operated at a dc bias of 30nA with 'y#%{;L‘
1.06V rms providirg 100% optical modulation at low frequency. As £
the frequency was increased to 55MHz, the ac voltage had to be

increased to about 3.1V rms to maintain the ac optical signal at

the low-frequency value. Unit SPX 1527-DB was operated at a dc

bias of 50mA with 1.9V rms providing ~100% modulation at 1.0MHz.

When the tr2quency was increased to 65MHz the ac voltage had to be
increased to 2.45V rms to, maintain a constant optical signal. For

each of the two LEDs, the current overdrive required for constant

depth of optical modulation vs frequency is comparable to the fall

off in optical modulation with frequency far that LED. Based on
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this encouraging result, a speed-up capacitor was added to the LED
modulation transfer fixture shown in Figure 26 and used in the test
set up of Figure 35. With the proper value of speed-up capacitor,
the optical modulation depth was constant out to 65MHz except for
the 20% low-frequency droop. This circuit modification was, in
fact, used to determine the 3dB bandwidth of the intermediate band-
width preamp shown in Figure 24 and the T1XL151 hybrid preamp also
described in Section IV.A. These large signal modulation measure-
ments using a speed-up capacitor and the pulse measurements using

a speed-up capacitor together constitute an experimental verifica-
tion of the speed-up network analysis presented in Section II.G.

The use of speed-up networks with LEDs takes advantage of
the fact that the light intensity emitted from an LED is propor-
tional to the stored minority carrier charge. In the "on-off" or
digital mode the speed-up network dumps the required charge into
the LED with a large initial current pulse and then sustains the
steady 1ight output with a lower value of current equal to the re-
combination current in the diode. At turn-off, the speed-up net-
work suddenly extracts the stored charge from the. LED with a large
negative current pulse. When the stored charge is removed, the
light output goes to zero. This is jdeal for the highly nonlinear
digital mode of operation. The major limitation is the inefficiency
of the driver circuit that is required to supply the large peak
currents at the beginning and end of each pulse.

In the analog or linear mode of operation the speed up net-
work acts as a frequency compensating device. However, the action
of the circuit can still be understood as controlling the stored
minority carrier charge. As the frequency increases, the speed-up
network causes the peak current to steadily increase so that the
stored charge is moved in and out of the LED more rapidly. This
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produces a constant amplitude sine wave modulation of the stored charge
and, therefore, maintains a constant optical modulation depth at
frequencies above the natural 0.707 frequency of the LED. No harmonic
distortion measurements were made on this contract. However, no
serious harmonic distortion probiems associated with the speed-up
networks are anticipated. Again, the major limitation of speed-up
networks in analog or linear LED drivars is the complexity and in-
efficiency of the drive circuit.

In conjunction with the modulation tests, measurements were
also made of the series resistance and series inductance of several
of the LEDs. These measurements were made at a dc bias current of
100mA with a modulation voltage of 1.0V rms; this corresponds to a
28% current modulation. Voltage readings at the LED terminals at
1MHz and 65MHz make it possible to separate the diode impedance
into series resistance and inductance. The values measured in this
way are shown in Table VIII. The incremental junction resistance of
0.269 at 100mA has been subtracted so that the resistance values
in Table VI represent the parasitic body resistance only. A
comparison of the SPX 1527 data indicates that unit-DB is at least
three times more heavily doped than unit 59. This is in good
agreement with the fall time data; the more heavily doped unit is
3.45 times faster than the lightly doped unit. Everything else
being equal, higher doping levels in the starting r-type wafer
should improve the rise and fall time on about a one-to-one basis.
A similar comparison can not be made on the TI LEDs because of the
unknown value of resistance in the submount. The series inductance
has about the same value for all three types of LEDs used in this
comparison. This parasitic inductance is probably the limiting
factor in determining the optical rise time that can be obtained
using a speed-up network.
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Table VIII. Series Resistance and Inductance of LEDs

Unit Resistance Inductance
SPX 1527-59 1.52Q 4.6nH
-DB .50Q 3.5nH

SL 1314-2 .36Q 4.5nH
-8 .54Q 4.0nH

TIL 09 -17 .54 5.0nH

In summary, the Spectronics SPX 1527 edge emitter LED has
been compared to two types of TI dome LEDs. The comparison has
included

power coupled to a fiber bundle,
10-90% rise time and fall time,
modulation transfer function,
series resistance, and

series inductance.

Al1 three types of LEDs tested are remarkably similar. However,

the edge emitter structures gives the best overall performance
and continues to be the best LED for use in fiber optic data
transmission.

In addition to these comparisons it has been shown that
large optical modulation depths can be obtained above the 0.707
frequency of an LED by using current overdrive. Also, for pulse
or digital signals, both the rise time and fall time of the light
output can be significantly decreased by using speed-up networks.




Es PHOTODIODE EVALUATION & COMPARISON

A detailed analysis of photodiudes was presented in Reference 1
which showed that properly designed silicon planar photodiodes were
optimum for use in cptical data transmission systems. This analysis
concluded that rhotodiodes having a depletion layer width of 100um
would have low capacitance, a rise time of about 1ns, and good high-
frequency responsivity for LED wavelengths out to about 940nm.

Silicon photodiodes from several manufacturers have been
characterized and evaluated for use in optoelectronic data transmission
systems. While the 1ist of photodiodes is not exhaustive, each of
the major structural classifications is represented including p-n,
p-i-n, and avalanche types. This evaluation shows that no basic
new silicon process technology is required for photodetectors to be
used in optoelectronic data transmission. However, th2 evaluation
also shows that optimum system performance is obtained only with
properly designed and constructed photediodes. Most of the commer-
cially available photodiodes have one or more serious design and/or
construction deficiencies.

The specific components selected for evaluation are:

Hewlett-Packard 5082-4207 p-i-n photodiode (40mil1 diameter),
RCA C30817 avalanche photodiode (30mil1 diameter)
Spectronics, Inc. SD 5425 p-n photodiode (50mil diameter),
Spectronics, Inc. SPX 1615 p-i-n photodiode (50mil1 diameter),
Texas Instruments TISL59 avalanche photodiode (30mil diameter),
Texas Instruments TIXL-79 avalanche photodetector module, and
United Detector Technology PIN-040A p-n photodiode

(40mi1 diameter).

The hybrid LED and detector modules made by Meret Inc. and dis-
tributed by Galileo Electro-Optics were also included in the evaluation.
The Galileo designation for the transmitter module is Model 3555971F;
the receiver module designation is Model 3555971R.

The SD 5425 and SPX 1615 photodiodes are packaged in T0-46 lens
can headers; all of the other photodiodes selected for evaluation are
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Figure 40. Detector/Fiber Optic Interface
for Photodiode Evaluation
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‘ : packajed in flat window cans. Because of the distance between the

window surface and the silicon chip and the small active area of most of
e the detectors, it is difficult to obtain efficient coupling to a 0.046 inch

diameter fiber optic bundle. This problem has been at least partially

. solved by adding external lenses to each of the detectors. The external
lenses were prepared by filling standard T0-46 lensed cars with epoxy.
The resulting thick lenses have a focal length of about 200 mil and a

. focal point about 40 mil outside the back of the can. When the epoxy

filled lenses are cemented on the flat window ohotodiode cans, the

surface of ihe silicon chip is nominally located at the focus of the

lens. Using this approach, the SPX 1525 lens termination was employed

in a plugable detector/fiber optic interface shown in Figure 40 in

all detector tests. The 46 mil1 diameter of the fiber optic bundle and

! the 140 mi1 focal length of the SPX 1525 combine with the 200 mil focal
lengtn ot tne epoxy filled lens to produce a 65 mil diameter 1ight spot

| at the plane of the detector surface. An estimate of the interface

coupling loss for each detector type is given in the discussion. With y

the epoxy filled lens cemented into place, there are only two glass/air

interfaces in each detector.

1. SD 5425 Performance

The SD 5425 is a p-n junction photodiode manufactured by
; Spectronics Inc.; Table IX gives a summary of the specifications for
this device. This photodiode was used in the Ten-Channel Data Bus
Demonstrator?® and is compatible with the photodiode adapter and other
test fixtures and preamps described in Sections IV.A and B. The
i total capacitance includes about 0.5pF of header capacitance. The
responsivity refers only to the high-speed response and the 7.8%
E | ' front surface reflection 1oss in the lens is included in the responsivity.
: When the SD 5425 is interfaced with the SPX 1525 fiber optic lens
the optical loss at the nlugable interface is about -1.0dB*.

g The test set up of Figure 33 was used to evaluate the slow tail
!f response of the SD 5425 as a function of bias voltage. The LED is
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Figure 41. SD 5425 Response Vs Bias at 907nm

136

f%
!
|
|
|




TABLE *IX. SD 5425-2

DESCRIPTION: P-N Photodiode, TO-46 Header, Lens Can
ACTIVE AREA: .050in Diameter

OPTICAL/ELECTRICAL SPECIFICATION @ 25°C:

MIN TYP MAX
Reverse breakdown voltage @lp = 10uA 100V 200V -
Dark Leakage Current @Vp = 9oV - 1.0nA 20nA
Total Capacitance ®Vg = 90V, f = 1.0MHz - 3.5pF -
Responsivity @ 907nm, 90V .5A/MW .58A/W
Rise Time (10-86%), 907nm, 90V - 1.0ns
Series Resistance @ 90V - 1509
Slow tail response, 907nm, 90V - 12.5%

SPX 1527-59 operated at a pulse current of 200mA. The test results are
shown in the series of photographs in Figure 41. The 135V pulse re-
sponse is reproduced in Figure 42. The slow tail response of the de-
tector alone is 7.5% of the total as shown by the trailing edge or
"turn-off" portion of the response. The 15% slow tail response observed
during the "on" time of the pulse results from the combination of the
7.5% slow-tail response of the detector and cn additional 7.5% rise

in the output of the LED due to the differential heating effect dis-
cussed on page 119. This is also true for each of the photographs in
Figure 41; the "turn-off" characteristics represent the slow tail re-
sponse of the detector alone and the "turn-on" characteristic is the
combined effect of the LED and d~tector slow tail responses. At zero
bias the detector slow tail response is about 70% of the total; while
at 22.5V it represents only 31% of the total. At higher reverse bias
the déetector slow tail response drops to 21% at 45V, 15% at 67.5V,
12.5% at 90V und finally about 7.5% at 135V. The preferred operating
hias for this photodiode is 90V or greater.
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The sTow tail response of the detector is the result of light
absorbed in the undepleted regions of the silicon chip; this effect
is desdribed in detail in Reference 1. The slow tail response of a
photodiode can be a major limiting factor in optoelectronic data
transmission. At a low data rate, the slow tai] response is accept-
able because the signal current can reach the full steady state
value before the end of the pulse. At medium data rates, the slow
tail response begins to introduce intersymbol interference that
decreases the available signal current. For high data rates, the
slow tail response gives a steady dc response with the fast portion
of the response riding on top of the dc level. This condition is
undesirable because of both the decrease in the available signal
current and the increase in noise that results from full shot noise
on the dc response.

Slow Tail
t ctor and LED)

e

=

INPUT FROM
SPX 1527 LED

[ = 200mA
5% Slow Tail
(Detector Only)
1 1 ‘=!£;::;:;..

P
2 3 4’5
Time - (us)

Relative Response
o
>

Flgure 42. SD 5425 Photodiode Response
at 135V Reverse Bias
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The "turn off" transient in Figure 41 shows that the slow tail
response has a 10-90% rise time of about 2us. Comparing this to the
10-86% rise time of Ins given in Table VII gives a 2000/1 ratio be-
tween the fast response and the slow tail response. This shows that
the data rate that can benefit from the slow tail response of this
diode is about 1/2000 times the data rate that can be handled by the
high-speed depletion region response. The speed of the slow tail
response is determined by the bulk lifetime, wafer thickness and
minority carrier diffusion constant. The SD 5425 slow tail response
has a speed that is typical of most silicon photodiodes.

The SD 5425 is an acceptable photodiode for most optoelectronic
data transmission applications--particularly at data rates below 15M
bit/s. The active area is ideally suited for coupling to fiber optic
bundles with diameters of 45mil or less. The limitation of this
photodiode which tend to degrade performance at high data rates are:

high capacitance, high series resistance and a significant slow tail
response.

2. SPX 1615 Performance

The SPX 1615 is a p-i-n photodiode manufactured by Spec-
tronice, Inc.; Table X gives a summary of the specifications for this
device. The LED measurements using the speed-up network shown in
Figure 34 were made using an SPX 1615 photodiode with the amplifier
shown in Figure 23. The T0-46 lens can is ideal for coupling to the
SPX 1525 fiber optic lens; the coupling loss of this interface is about
1.0dB. An analysis is presented in Appendix I which shows the basis of
the 1.1ns rise time at 907nm shown in Table X. This photodiode is
designed so that the entire thickness of the wafer is depleted at a
reverse bias of 90V. Operation of this detector in full depletion
gives minimum capacitance, minimum series resistance, and essentially
eliminates the slow tail response at all wavelengths. The test set
up of Figure 33 was used to evaluate the slow tail response of the
SPX 1615 as a function of bias; the test results are shown in
Figure 43. At 22.5V the slow tail response is about 15% of the total
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Figure 43. SPX 1615 Response Vs Bias at 907nm
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Table X. SPX 1615

DESCRIPTION: PIN Photodiode, TO-46 header, lens can
CHIP THICKNESS: .004in (nominal)
ACTIVE AREA: .050in diameter
OPTICAL/ELECTRICAL SPECIFICATIOM AT 25°C:

. TMIN TYP MAX
Reverse breakdown voltage @IR=10uA 18CV 200V -
Dark leakage current @ VR=100V . 1nA 20nA
Total Capacitanc. @ Vp=100V - 2.7pF -
Responsivity @ 907nm .5A/W  .64A/W -
Rise time (10-90%) @ 907nm, 100V - 1.ins -
Series Resistence (calc.) @ 100V - 15Q -
Voltage for complete depletion of - 90V -

wafer

Slow tail response @VR=90V - 2.5% -

and the high-speed response is about 87% of the 90V value. However, since
the wafer is only depleted about 2.0 mil, the series resistance is 1600
and the capacitance is about 4.9pF. At a reverse bias of 90V, the slow
tail response is nearly gone, the capacitance is 2.7pF and the series
resistance is 150. The small (2.5%) slow-tail response at 90V bias
results from light striking the undepleted regions of the surface of

the wafer.

The SPX 1615 is near optimum for ali optoelectroni: data transmission
applications. The active area is ideal for coupling to fiber optic
bundles with diameters up to 45 mil. For data rates up to 10M bit/s
the SPX 1615 may be opcrated at bias voltages as low as £2.5V. For
high data rate systems optimum performance is obtained at a bias voltage
of 90V or higher. The photodiode/preamp noise characteristic shown
in Equation (26) and Figure 5 are based on the use of an SPX 1615
photodiode at 90V bias.

In Figure 43 the "turn-off" transient for Vg = 135V demonstrates
that there is almost no detector slow tail response at that bias voltage.
Thus, the "turn-on” transient for Vg = 135V repreceits the slow tail
output of SPX 1527-59 LED operated at a 200mA peak current. This LED
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slow tail response is about 12.5% of the total and has a 10-90% rise
time of about 3us. The LED slow tail is only present in the "turn-on"
transient because the transient change in absorption in the GaAs chip
can only be observed when the junction is emitting light. Since the
LED slow tail effects the "turn-on" transient but not the "turn-off"
transient it is a nonlinear effect that will give rise to harmonic
distortion in analog systems. The LED slow tail response can be
reduced by decreasing the thermal resistance of the LED; for a
particular LED it can be reduced by lowering the drive current. The
detector slow tail response effects the "turn-on" and "turn-off"
transients equally and therefore does not introduce nonlinearity. The
20% droop in modulation transfer function between 0.1 and 5.0MHz shown
in Figures 36, 37, 38 and 39 is the result of the slow tail response of
the LED and the SD 5425 detector used in those measurements.

3. PIN-040A Performance

The PIN-040A is a low-leakage silicon p-n junction photodiode
made by United Detector Technology. Table XI gives a summary of the
measured and calculated characteristics of this device. The flat window
T0-46 header made it necessary to use the epoxy filled lens in the
fiber optic interface for this unit. While this photodiode does

Table XI. PIN-040A
DESCRIPTION: P-N Photodiode, T0-46 header, flat window
ACTIVE AREA: .040in diameter
OPTICAL/ELECTRICAL CHARACTERISTICS AT 25°C

Reverse breakdown voltage @Ip = 10uA 90V
Dark leakage current at Vg = 30V 1.0nA
Total capacitance @ Vp = 90V 6.7pF
Responsivity @ 907nm 0.4A/M
Rise Time (0-50%) <1.0ns
Series resistance @ 90V (estimate) 60Q
Slow tail response @90V 504

have a planar diffused junction, there is no oxide on the surface of the
diffused p-type layer. The absence of the antireflection coating effect
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normally provided by the thermally grown Si0, in the active area gives

a low value for the responsivity at 907nm. The ohmic contact to the
diffused p-type layer is very small--about 1.5 mi1 X 1.5 mil. This
undesirable contact geometry leads to a relatively large series resistance;
the capacitance is higher than the SD 5425 even though the area is

smaller. The plugable interface loss for the SPX 1525 fiber optic lens ]
is about 5.2dB. Figure 44 shows the 907nm respcnse vs bias characteristic
for the PIN-040A. Notice that the "turn-off" transient is the same

for all bias voltages. Increasing the reverse bias on this unit has

the effect of increasing only the fast response. The 50% slow tail
response at the breakdown voltage is not a desirable characteristic.

The slow tail response of the PIN-040A (and all other photodiodes tested
on this program) will decrease for slorter wavelength.

The PIN-040A is not recommended for use in optoelectronic data
transmission systems. The high capacitance, high series resistance,
Tow responsivity and large slow tail response combine to make this
component unsuitable. The interface loss using the SPX 1525 is 4.2dB
higher than for the SD 5425 or SPX 1615.

4. 5082-4207 Performance

The 5082-4207 is an epitaxial p-i-n planar silicon photodiode
made by Hewlett-Packard. Table XII shows the specifications for this
photodiode. This device uses the same form of annular contact to the
p-type diffused region that is used on the SD 5425 and SPX 1615. The
epitaxial chip eliminates most of the series body resistance; however, _
the.use of a thin high-resistance p-type region gives a relatively ;
large value of series resistance. The measured capacitance shown in
Table XII is comparable to the SPX 1615 even though the junction area
is smaller. Because of the flat window can the epoxy filled lens
interface shown in Figure 40 was used with this photodioue. The
plugable interface loss with the SPX 1525 fiber optic lens was
estimated to be 5.2dB. If a TC-18 lens can were used on this unit the
plugable interface loss would be about 2.0dB. The responsivity and
rise time of this photodiode have good and useful values at 770nm }

g
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Figure 44. PIN-040A Response Vs Bias at 907nm
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Table XII. 5082-4207

DESCRIPTION: Epitaxial p-i-n photodiode, TO-18 Header,
Flat Window

ACTIVE AREA: .040in diameter
OPTICAL/ELECTRICAL CHARACTERISTICS AT 25°C:

Maximum steady reverse voltage 20V

Peak inverse voltage 200V
Dark leakage current @vp = 25V 0.5nA
Total Capacitance evp = 20V (measured) 2.6pF
Responsivity @ 770nm(Manufacturers Spec.) 0.5A/W
Rise time (10-90%) @ 770nm(Manufacturers Spec) <7 ons
Series resistance 50Q (max)
Slow tail response @ 22.5V, 907nm(Measured) 13%

where chey are specified. However, at 907nm the responsivity is down
to about 0.33A/W and a 13% slow tail response is present. The response
vs bias for the 5082-4207 is shown in Figure 45. The lightly doped
n-type epitaxial layer in this photodiode is fully depleted at a

bias of 22.5V; the use of larger bias voltage produces a negligible
improvement in performance.

The Hewlett-Packard 5082-4207 p-i-n photodiode is useful in
many optoelectronic data transmission applications. Its advantages
are low cabacitance and low bias voltage. Its principal disadvantages
are low responsivity, high series resistance and a 13% slow tail
response at 907nm. The plugable interface loss with the SPX 1525 is
4.2dB more than for the SD 5425 and SPX 1615.

5. TISL59 and TISL79 Performance

The TISL59 is a p-n junction planar silicon avalanche photo-
diode made by Texas Instruments, Inc. Table XIII shows the specifica-
tions for this photodiode. The silicon wafer uses a guard ring
diffusion to eliminate surface breakdown and confine the avalanche
multiplication to a .30in diameter region. A flat-window TO-5 header
is used for this unit. Both the anode and cathode of the photodiode
are isolated from the header; a pin is provided for grounding the
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Figur. 45.

5082-4207 Response Vs Bias at 907nn
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neader. Because of the flat window can, the epoxy filled lens inter-
face shown in Figure 40 was used with this photodiode. The plugable
interface loss with the SPX 1525 fiber optic lens is estimated to be
7.7dB; this is 6.7dB more than the SPX 1615 interface loss.

Table XIII. TISL59 Avalanche Photodiode

DESCRIPTION: silicon p-n junction avalanche photodiode,
T0-5 header, flat window, wafer isolated
from header, operating temperature range
-65 to +125°C.

ACTIVE AREA:  .030in diameter

OPTICAL/ELECTRICAL SPECIFICATION @ 25°C:
YP MAX

Reverse breakdown voltage @ I, = T0uA {70v 200V

Dark leakage current @ VR = 100V. Bulk 20pA  150pA
Surface 10nA -

Total capacitance @ VR = 100V, f = 1.0MHz 8.5pF 12pF

Responsivity at 907nm, m = 1. ac .25A/M
dc .50A/W

Gain-bandwidth product at max gain 80GHz
Series resistance 5Q
Gain for sustained avalanche

Slow tail response at 907nm

The temperature coefficient of breakdown voltage for the TISL59
is typically 190mV/°C. Thus, an ambient temperature range from -55°C
to +125°C requires a bias voltage change of about 34V to maintain
consta t avalanche gain. This voltage change is only about 20% of the
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nominal 170V breakdown voltage. A low temperature coefficient of
breakdown voltage is typical for the p-n junction guard-ring con-
struction used in the TISL59. This desirable characteristic makes
it possible to construct practical voltage regulator circuits that
provide constant avalanche gain over the full temperature range
-55°C to +125°C.

Avalanche gain, m, in a photodiode is signal gain ahead of
the preamp and, therefore, reduces the noise contribution of the
preamp. The resulting improvement in S/N as compared to a p-i-n
diode is the major performance advantage of fered by avalanche gain.
Unfortunately, the avalanche process is itself noisy. Increasing
the reverse bias voltage from zero first causes the $/N (current
ratio) to increase linearly with m as shown in Figure 46. This is
followed by a region in which S/N achieves a maximum value at the
optimum value of avalanche gain, mopt' For still higher voltage
bias, the S/N drops slowly with increasing m. In the TISL59 the
S/N for m > Mopt varies as m-"'%. Finally, a bias voltage is
reached at which some portion of the junction goes into sustained
avalanche breakdown. This condition is characterized by an abrupt
increase in avalanche noise which causes a precipitous drop in S/N.
As shown in Table XIII the gain for sustained avalanche tends to be
different for each diode ranging upward from a minimum value of 100.
The device tested on this program has a sustained avalanche thres-
hold of m = 187 at a bias voltage of 162V.

The S/N scale in Figure 46 is a relative scale; however, the
S/N improvement at my opt is typical for the TISL59 used with a high
performance preamp such as the TIXL151 or the Spectronics, Inc.
intermediate bandwidth preamp shown in Figure 24.




In an avalarche photodiode, only the bulk dark leakage current
is multiplied by the avalanche gain. The larger surface leakage cur-
rent shown in Table XIII flows to the diffused guard ring and is not
acted on by the avalanche gain. Thus, only the smaller bulk leakage
current is important in determining the S/N performance of an avalanche
photodiode. Typical leakage current values in Table XIII show that the
surface leakage i5 about 500 times higher than the bulk leakage. As
the temperature of the diode is increased above 25°C, both bulk and
surface dark leakage currents increase about a factor of 2 for each
10°C; for the range 25°C to 125°C the two components of leakage current
will increase by about 1000 times. The effect on S/N is shown in
Figure 46. The drop in S/N at 125°C for m = 1 is caused by the in-
crease in surface leakage; the drop in S/N at m Z-mopt is the result
of the increase in bulk leakage. At 25°C the bulk leakage is so low
(~20pA) that mopt is greater than the sustained avalanche threshold.
Therefore, for junction temperature, Tj, between -55°C and 25°C the
S/N improvement is proportional to m over the entire useful bias
range. At 60°C the bulk leakage is about 200pA and its effect on
S/N is significant only for m > 100. At 90°C the bulk leakage is
about 2nA and mopt is about 125; the S/N at mopt is about 54 times
higher than for m = 1. At 125°C the bulk leakage is about 20nA and
opt is about 60. The S/N at mopt is about 18 times higher than for
m = 1; the S/N improvement at 125°C drops to about 17.3 for m = 125.
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Figure 46 shows one of the basic limitations of avalanche
detectors. If the avalanche gain is held constant at m = 125, then
the S/N drops more than 7 times as the temperature goes from -55°C
to 125°C. If the detector is biased for an avalanche gain of 60
(mopt at 125°C), then the S/N changes by about 3.3 times for tempera-
tures between -55°C and +125°C. For a worst case system design only
the performance at the highest operating junction temperature can be
considered. Thus, the considerable S/N improvement offered by




avalanche photodiodes at junction temperatures up to 60°C are not
applicable to military avionics systems which require juncticn temper-
atures of 125°C. Compared to m = 1, the typical TISL59 shown in
Figure 46 has a S/N improvement of 18 times at 125°C. A TISL59 with
the maximum bulk leakage of 150pA shown in Table XIII would have a S/N

improvement at 125°C of only 7.5 times at mopt = 22.

The utility of the TISL59 avalanche photodiode is further
diminished by the low value cof ac responsivity at 907rm shown in
Table XIII.This ac responsivity of 0.25A/W is caused by the narrow
depletion layer width of the TI device and is inherent to the basic
structure of the unit. If the TISL59 is constructed to have a greater
depletion layer width to provide an ac responsivity of 0.5A/W, ihe re-
sult is an increase in breakdown voltage from 170V to 450V. Comparison
to Table X shows that the responsivity of the SPX 1615 is 2.56 times
higher than the ac responsivity of the TISL59. The framework of compar-
ison for photodiodes in this report is the plugable optical interface
shown in Figure 40; this coupling scheme is based on readily available
optical elements and conventional Galileo fiber optic bundles. Within
the context of this coupling scheme, the interface loss for the
TISLS9 is 6.7dB (4.68 times) more than the interface loss of the
SPX 1615. The amplifier noise is affected by the photodiode capaci-
tance as shown by Eq(16). Therefore, the amplifier noise levels with
the two photodiodes must be included in the S/N comparison. The
noise data taken at 25°C in support of Figure 46 used a TIXL151 pre-
amp similar to the one characterized in Section IV.A. The measured
rms output noise voltage is 240uV with the TISL59 and 160uV with the
SPX 1615. This 1.5 times S/N improvement for the SPX 1615 is con-
sistent with the 2.7pF capacitance from Table X compared to the
8.5pF capacitance of the TISL59 given in Table XIII.
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when the interface loss (4.68 times), responsivity ratio
(2.56 times), and noise ratio (1.5 times) are all combined, the
total S/N of the SPX 1615 is 18 times higher than the TISL59 for
m=71. This comparison point for SPX 1615 is shown in Figure 46.
It should be pointed out that the TISL59 interface loss could be

reduced by at least 3.0dB by optimizing the package for that unit.

Figure 46 shows that for a military avionics system requir-
ing a junction temperature of 125°C the S/N of a typical TISL59 is
equivalent to the SPX 16153 the worst case TISL59 (150pA bulk leak-
age at 25°C) is inferior to the SPX 1615 at 125°C. Even at 25°C
the S/N of the TISLS9 is only 10 times higher than the S/N of the
SPX 1615. Based on this performance comparison, the added cost
and complexity of the TISL59 avalanche photodiode is not justified
in a fiber optic data transmission system.

Table XIII shows that the dc responsivity of the TISL59 at
907nm is 0.5A/W, this value is twice as large as the ac responsi-
ity. This leads to a 50% slow tail response as shown in Figure 47.

The fast or ac portion ¢t the rsponsivity has a 10-90% rise time
of less than Ins and the slow tail response has a 10-90% rise time
of about 0.5us. The slow tail response is seen to be independent
of bias voltage. The series of response curves shown in Figure 47
all have the same voltage scale; the magnitudes of the output

show the relative avalanche gain for each bias voltage. The curve
for 162V corresponds to an avalanche gain of 187; this point is
just below the threshold for sustained avalanche. Figure 48 shows
a plot of avalanche multiplication gain vs. bias for the TISL59
that was evaluated; this curve shows the extremely critical de-
pendence of avalanche gain on bias voltage that is characteristic
of these units.
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An overview of the performance of the TISL59 shows that this
avalanche photcdiode is not optimized for 907nm wavelength. Further-
more, the relatively high junction capacitence increases high fre-
quency noise and the ..1all junction dianeter makes 1t difficult to
couple to .045in diameter fiber optic bundles. A significant
improvement in performance results if the TISL59 is operated at a
wavelength of 800nm. At this wavelength the ac and dc responsivities
are equal at about 0.6A/W and the slow tail response disappears.

Do W el ot e it 5

The TiSL79 is an avalanche photodiode receiver module manu-
factured and sold by Texas Instruments, Inc. This module includes
a TISL59 avalanche photodiode, a TIXL151 hybrid preamp and a regula-
ted power supply to track the breakdown voltage of the photodiode in
such a way that the overall gain of the unit is constant with temperr-
ature. The measured performance of this module is consistent with the
data provided by TI and the performance of the individual components
as discussed above. The characteristics of the module provided by TI
are presented in Table XIV.

Optical coupling to this module was accomplished with the
plugable interface shown in Figure 40. This gives an interface loss
of 7.7dB (5.9 times). Thus, for this fiber optic coupling technique
the NEP given in Table XIV must be multiplied by 5.9.

NEP = (5.9)(1.91 x 10713) WHz?

1.13 x 10-'2 WHz-?

This NEP value is 6.7 times better than the expected
NEP = 7.6 x 10-'2 WHz! based on the TIXL151 noise performance from
Figure 25 and the SPX 1615 characteristics given in Table X. The
S/N comparison presented in Figure 46 predicts that the S/N of the
avalanche module should be 6.9 times higher than the SPX 1615 at
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Table XIV. TISL79 Avalanche
Photodiode Module

DESCRIPTION: Optical receiver module including

TISL59 avalanche photodiode
TIXL151 hybrid preamp

regulated power supply for constant gain.

ACTIVE AREA: .030in diameter

OPTICAL/ELECTRICAL SPECIFICATION
meas .

High Voltage supply @ 1.5mA 240V

Amplifier bias voltage @ 20mA 8.5V

Photodiode responsivity @ 907nm .25A/HW
.45A/W

Avalanche multiplication gain 120

g e - e —
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125
Transresistance of preamp 5.4kQ
Module responsivity @ 907nm 1.69x105V/W
3.04x10%V/W
Output noise voltage 300uV
300uV

Noise Equivalent Power 1.91x10- SWHz-}

1.91x10"! *WHz-?

Signal bandwidth, 3dB 55MHz




25°C and 5.8 times higher at 60°C. Thus, the measured and predicted
performance of the module are in good agreement.

Figure 49 shows the time response of the TISL79 avalanche
moduie at two bias voltages corresponding to avalanche gains of
12 and 125. The voltages shown are the external values applied to
the voltage regulator and are not the voltages applied to the photo-
diode. The expected 44% slow tail response is observed at m = 125.
At m = 12, the slow tail response is about 50%.

Figure 49. TISL79 Response Vs Bias at 907nm } 3

6. C30817 Performance

The C30817 is a silicon planar avalanche photodiode made by
RCA. This device uses the n-p-m-p structure which giyes a different
set of performance characteristics than the p-n guard-ring structure
used by TI. The characteristics of the C30817 are shown in Table XV.
A flat window TO-5 header is used for this unit. Both the anode and
cathode of the photodiode are isolated from the header; a pin is
provided for grounding the header. Because of the flat window can,

the epoxy filled lens interface shown in Figure 40 was used with this
unit. The plugable interface loss with the SPX 1525 fiber optic lens




Table XV C30817 Avalanche Photodioe

DESCRIPTION: silicon n-p-m-p avalanche photodiode,
reach through structure to eliminate
slow tail response, T0O-5 header,
flat window, wafer isolated from
header, operating temperature range
-40 to +70°C.

ACTIVE AREA: .031in diameter  (.08cm)
OPTICAL/ELECTRICAL SPECIFICATION @ 25°C

Reverse breakdown voltage 300V 375V
Temperature coefficient of breakdown

voltage 1.8v/°C -
Responsivity @ 907nm : .62A/W -
Data leakage current @ 335V  bulk - - 100pA

surface - JuA 2UA

Total capacitance @ 335V - 2pF 4pF
Rise time, 10-90%, 50Q load - 2ns 3ns
Series resistance - 109 159
Avalanche gain @ 335V 100 129 -

is estimated to be 7.4dB; this is 6.4dB (4.4 times) more than the
SPX 1615 interface loss. The temperature coefficient of breakdown
voltage at 1.8V/°C is 9.5 times higher than the TISL59 and the oper-
ating bias voltage for the C30807 is two times higher than the TISL59.
For the limited temperature range of -40°C to +70°C the bias voltage
must be changed by 200Y from 235V to 435V respectively to hold the
avalanche gain constant at a typical value of 120. Compared to the
room temperature bias of 335V this represents a 60% change as com-
pared to the 20% change required for the TISL50 over a wider temper-
ature range (-55°C to +125°C). The large bias range required by the
C30817 is undesirable because it increases the complexity of the
required voltage regulator and requires a two times higher power
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supply input voltage than the TISL59. Even though this bias cnarac- |
teristic is undesirable, it is inherently related to the n-p-m-p

structure and must be tolerated to achieve some of the very desirable
performance characteristics associated with this construction.

One of the desirable characteristics of the RCA reach through
structure is the elimination of the slow-tail response. Figure 50
shows the response of the C30817 at 907nm as a function of bias.
| The slow-tail response is eliminated for all bias voltages greater
than 150V. This RCA avalanche detector and the SPX 1615 are the
| only two photodiodes investigated on this program which do not show
f a significant slow-tail response. The 10-90% rise time of the RCA
‘ diode at 335V is typically 2ns. This is adequate for many applica-
‘ tions but is slower than both the SPX 1615 and the TISL59.

Another desirable characteristic of the RCA device is the
relative insensitivity of avalanche gain to reverse bias voltage
shown in Figure 51. This characteristic is inherently related to
the large temperature coefficient of breakdown voltage; however,

l it is useful in laboratory work at constant temperature because it
l l allows the avalanche gain to be set and controlled more precisely.
¥
i
i
|

Figure 51 should be compared to the similar curve for the TISL59
shown in Figure 48.

The S/N performance of the C30817 is presented in Figure 52.
From Figure 52 the useful range of bias is for m > 30; this _
range is marked in Figure 52. At room temperature the avalanche ?
noise on the bulk leakage is completely negligible and the major '
effect of avalanche gain is to reduce the preamp noise. At the
recommended bias voltage of 335V the avalanche gain is 112. A
photodiode with a maximum bulk Teakage of 100pA at 25°C will have
a bulk leakage of about 2.3nA at 70°C. In this case mopt is near

S ey

responsivity and capacitance of the C30817 are essentially the

159

|
|
i
: l 112 and the S/N improvement is 51 times compared tom = 1. The '

e e . i i




PETNT | r N ——— T T VU

~

] 3
:

Figure 50. C30817 Response Vs Bias at 907nm
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same as the SPX 1615. Therefore, no correction factor for these
parameters is needed to compare these two photodiodes. The inter-
face coupling loss for the C30817 is 6.4dB (4.4 times) more than
; the SPX 1615. The S/N for the SPX 1615 is 4.4 times higher than

: for the C30817 at m = 1; at Teast 3.0dB of the interface coupling

]% loss of the RCA photodiode could be removed by optimizing the
H package.
|

Figure 52 shows that the 30817 S/N for m = 112 and
Tj < 25°C is about 25 times higher than the SPX 1615. Comparing
; Figure 46 and Figure 52 shows that at the same avalanche gain,

b the S/N of the C30817 is 4.1 times higher than for the TISL59.
’ The worst case C30817 operated at 70°C has a S/N that is 11.6
f times higher thar the SPX 1615. If the worst case €30817 could
’i be operated at 125°C the S/N at m = 172 would be 2 times higher
" than for the SPX 1615 or the typical TISL59.

b The RCA data sheet supplied with the C30817 gives a room
- | temperature NEP of 1 x 10-'* WHz® at 907nm and 335V. Howeve:r,
] when the avalanche photodiode is combined with the TIXL151
. hybrid preamp and the plugable optical interface, the NEP of
‘ the optical receiver is significantly lower. At 335y the overall

responsivity of the €30817 to the 907nm 1ight from the f

iber optic
lens is
'

R (112)( 62A/W) _ :
7 5 = 15.8A/W (149)

From Eq (143) the input noise current of the TIXL151 is

i1 = 30nA (143)

SR b
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From Eq(29) the equivalent noise bandwidth of the TIXL1S1 is

Afa = 2.48 fe = (2.48)(49MHZ)
| (150)

| Af, = 122MHz

Combining Eqs (143), (149) and (150) gives the NEP of the receiver

4.8 1

NEP = IRTaF)?

(151)
30nA

(15.8A/W) (122MHz)*
- 1.72 x 1071* WHz!

Figure 5 shows a theoretical NEP with an SPX 1615 photodiode of

NEP = 4.3 x 1012 WHz? (152)

The ratio of Eq(152) to Eq(151) shows that the RCA avalanche photo-
diode/preamp has an NEP that is 25 times better than the SPX 1615/
preamp NEP. This result is in good agreement with the S/N per-
formance presented in Figure 52,

An overall review of the performance of the C30817 avalanche
photodiode shows a number of desirable characteristics including

low series resistance,

low capacitance

no slow tail response,

high responsivity at 907nm, and

_ avalanche gain relatively insensitive to bias
| voltage.




However, this photodiode is not packaged in an optimum manner for
coupling to .045in diameter fiber optic bundles and the maxium
operating junction temperature of 70°C severely limits its useful-
ness in military avionics applications which often require 125°C
junction temperatures. In addition, the rise time is a factor of
two slower than a p-i-n photodiode (SPX 1615) at 1/3 to 1/4 the
bias voltage and the large temperature ccefficient of breakdown
voltage adds to the complexity of the voltage regulator needed to
control the avalanche gain. Based on this evaluation, the C30817
is recommended for laboratory use and in special applications in
the commercial temperature range cf -40°C to +70°C. This avalanche
‘ photodiode is not recommended for general use in military fiber
optic data transmission systems.

! 7t Galileo Link Performance

1 Galileo Electro Optics markets a single channel fiber optic
' digital data transmission link. This system consists of a trans-
4 mitter module, a Larminated fiber optic bundle and a receiver

module shown in Figure 53.

The transmitter module, designated model 3555971F, is con-
tained in a stainless steel housing designed for bulkhead or panel
mounting. Power and input signal are supplied through the wire .
i leads extending from the unit. The heart of the transmitter is
} a hybrid LED/driver mounted in a flat window TO-5 header. This !
hybrid circuit is similar to the MLT327 made by Meret Inc. of
Santa Monica, California. The LED driver is an integrated circuit
wafer with 6 gates in parallel. The combined gate outputs drive a
20mil x 20mil flat geometry LED chip in series with an RC speed-up
network. The RC network consists of a deposited resistor and a
chip capacitor in parallel. The LED chip is mounted near the cen- ,
ter of the package but no lens or focusing element is used in the l

-t o —

transmitter. ’
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Figure 53,

Galileo Data Transmission Link
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The transmitter has three leads

Black = ground
Red +5.5V
Blue pulse input

The instruction sheet received with the unit requires that an
external 500 resistor be connected between ground and the pulse
input. The current drain on the 5.5V supply is 20mA in the rest
condition when no pulses are applied to the pulse input. The driver
is rated for 50% maximum duty cycle. Due to the speed-up capacitor
in series with the LED, the total cuirent required with input pulses
applied increases with pulse repetition rate. For 50% duty cycle
above 5 MHz the operating voltage should be reduced to avoid exces-
sive heating due to the speed-up capacitor. No attempt was made to
measure the LED output power. However, the MLT327 has a specified
peak power of 4mW.

The measured 10-90% rise time and fall time of the light
from 3555971F transmitter is

tr = 56ns

tf = 42ns

The receiver module, designated model 3555971R, is also
contained in a stainless steel housing designed for bulkhead or
panel mounting. Power and output signal connections are provided
through three wire leads extending from the unit

Black ground
Red +15V
Yellow = signal out
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The power supply lead must be bypassed to ground with an external
0.1uF capacitor. The circuit draws 5-6mA from the positive supply.
The output offset voltage is 1.3V and the output will drive dc
loads as small as 500Q.

The heart of the receiver module is a hybrid photodiode/
preamp mounted in a T0-5 flat window can. This hybrid circuit is
similar to the MDA425 made by Meret Inc. The silicon planar photo-
diode is mounted in the center of the window. The active area of
tne detector is 59mil x 118mil; no lens or focusing element is used
in the receiver. The photodiode chip is mounted on a metalized
ceramic disc that covers the visible aperture of the flat window
TO-5 can. A shunt feedback preamp is located under the detector
ceramic and is not visible from outside the header. The preamp
input terminal is not available in the detector module; thus, it
is not possible to independently evaluate the detector responsivity
and preamp transresistance. The measured 10-90% rise time and fall
time of the 3555971R receiver module output are

t

v 48ns (157)

1]

te 52ns (158)
The measured 3dB frequency of the receiver is 8.0MHz and the rms out-
put noise voltage with no light on the detector is

€on = 160UV (159)

The information and instruction sheet supplied with the detector
module did not specify an external filter cut-off for noise measure-
ment and none was intentionally provided. When the detector module
is optically driven from the fiber optic bundle provided with the
system, the voltage responsivity of the receiver is

168
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Ry = 7.2 x 10°V/W (160)

There is some doubt as to the effective noise bandwidth of the
receiver. However, if Eq(29) is assumed to be correct for this
receiver the noise bandwidth is

At 3 2.48fe
= (2.48)(8MHz) ' (1C1)

= 19.8MHz.

Combining Eqs (159), (160) and (161) aives the effective NEP of the
Galileo receiver module when driven by the Galileo lens terminated
fiber ortic bundle

®n

NEP = T3
Ry (F,)

‘ 160uV
(7.2 x 10°V/W)(19.8MHz)? (162)

NEP = 5.0 x 10712WHz-}

A 50ft fiber optic cable was purchased as part cf the Jata
transmission system. This cable is made from a conventional 45mil
diameter Galileo fiber optic bundle with biack PVC jacket. The
ends of the cable are terminated using precision ferrules and a
T0-46 size fiber optic lens very similar to the SPX 1525 termina-
tion shown in Figure 40. Stainless steel ccnnector bodies are
provided on each end of the fiber optic cable. These connectors
are threaded to form a locking interface with the transmitter and
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receiver modules. An o-ring is located just behind the fiber optic
lens to insure a good mechanical fit at the plugable optical inter-
fezes with the transmitter and receiver.

The data transmission system composed of the transmitter
module, fiber optic cable and receiver module produces the output
signal waveform shown in Figure 54. The top trace shows the output
waveform on a time base of 1.0us/division; the lower trace is an
expanded view of the intensified portion of the upper trace. The
time base for the lower trace is 50ns/division. The 10-90% rise
time for the composite system is 70ns and the peak-to-peak output
is 1ImV. The 70ns rise time indicates a maximum square wave fre-
quency of about 5MHz. Since the uncompensated preamp in the re-
ceiver has an output drift of about 5mV/°C the receiver is not
suitable for use in direct coupled systems; a temperature change
of 2.2°C causes an output drift equal to the peak-to-peak signal.
If the output of the receiver is ac coupled to the next stage,
the drift does not cause a problem. However, the ac coupled
system must use Manchester coded signals and the data rate is
limited to 5Mbit/s.

The voltage responsivity of Eq (160) and the 11mV output sig-
nal gives a total power out of the fiber optic lens of

11mV
7.2 x 10°V/W

= 1.53H (163)

Assuming that the LED output power is

P, = 4mW (164)

As specified by Meret Inc. for the MLT327 the total attenuation in
this system is

ay = ‘433 W= 3.8x10" (-34.248)
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Figure 54. Output Waveform of Galileo
Data Transmission Link

: For typical Galileo fiber optic bundles the attenuation is about

5 0.18dB/ft; thus, the 50ft cable length gives an attenuation of

about 9dB. This leaves a combined loss of 25.2dB for the plugable
interfaces at the transmitter and receiver. Probably 4.2dB of this
loss is at the receiver interface which leaves a 21dB loss for the
transmitter interface. The plugable optical interfaces used in the
SPX 1629, SPX 1631 and SPX 1633 shown in Appendix IV have a total loss
of about 9dB with 1.6dB at the receiver and 7.4dB at the transmitter.
These are the same basic interfaces used in the Ten-Channel Data Bus
Demonstrator?® built by Spectronics Inc. for AFAL.
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: The output signal shown in Figure 54 has a S/N current ratio
¢ of 34.4; this assumes the threshold level is set at one half of the
i peak output. For a bit error rate less than 10~% the value of S/N
must be 5.62 or greater. Thus, the Galileo system will operate

satisfactorily with 6.12 times less optical signal at the receiver.
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The additional allowable attenuation is 7.8dB which coresponds to
43ft of additional fiber optic bundle (at 0.18dB/ft) or a total cable
length of 93ft.
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Based on this investigation, the Galileo data transmis-ion
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